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1. INTRODUCTION 

The cur ren t  use  of liquid oxygen/liquid hydrogen ( LOX/LH2) propellant 
in l a rge  space-vehicle booster  sys tems  and its proposed utilization fo r  
man- rated booster  sys tems requires  a real is t ic  a s sessment  of the PO- 
tential  explosion, f i re ,  and the rmal  radiation hazards .  Accurate  a s s e s s  - 
ment of these  hazards  is especially important  for  providing design c r i -  
t e r i a  to a s s u r e  the safety of as t ronauts  in the event of any malfunction 
of a man- rated propulsion sys tem requiring a mission abort .  Accurate  
evaluation of these  haza rds  is essent ia l  for  the safety of t es t  personnel  
and launch equipment, and for  the effective accomplishment of space 
miss ions  with the economic utilization of appropriate  funds and land a r e a s .  
Launch hazards  information concerning LOXJRP- 1 propellant sys tems is 
available f r o m  observations of ac tual  malfunctions that have occurred  in 
ful l- scale miss i l e  t es t  flights. 
f o r  the malfunction of LOX/LH2 propellant sys tems ,  complete information 
is not available for  accura te  a s sessment  of the potential haza rds .  
purpose of this  study was to obtain es t imates  of the potential hazards  to 
personnel and equipment that resul t  f r o m  using LOX/LHz propellants as 
compared Jcrith actual experiences gained f r o m  the explosions of LOX/ 
R P-  1 propellants.  

Although some information is available 

The 

It was not the intent of this  program to obtain data to be extrapolated for 
miss i l e  s ize  quantities of propellant, nor was i t  intended f o r  the experi-  
mental data to be considered as the complete answer to ful l- scale 
evaluation of the explosive charac te r i s t i c s  of a launch vehicle. 

2 .  OBJECTIVE 

The objectives of this  p rogram were:  (1) to  studylthe bas ic  p a r a m e t e r s  
of LOX/LH2 propellant,  and (2)  to compare the bas ic  blast  character is t ics  
of LOX/LH2 propellant sys tems with LOX/RP-  1 and nitrogen tetroxide/  
Aerozine-50 (N204/A-50) propellant systems.  (Aerozine-50 is a 1:l mix- 
tu r e  of hydrazine and unsymmetr ica l  dimethyl hydrazine propellants.  ) 
Specific charac te r i s t i c s  considered in evaluating the propellant sys tems  
w e r e  peak overpressure ,  shock wave velocity, positive p r e s s u r e  i m-  
pulse and duration, f ragment  velocity, the rmal  radiation and tempera ture ,  
ini t ial  f i rebal l  growth ra te ,  and f i rebal l  s i ze  and duration. 
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Ten  t e s t s  were  conducted with cryogenic (LOX/LH2 and LOX/RP-1) and 
hypergolic (N204/A-50) propellants f r o m  1 June to  24 September 1965 
to evaluate the explosive and the rmal  charac te r i s t i cs  of these  materials. 
The propellants we re  combined using a mixing technique that permitted 
variat ion of the oxidizer /fuel contact a r e a  and the weight of propellant 
for  a specific oxidizer/fuel  rat io.  
by placing oxidizer -filled glass  dewars in a fuel-filled pan and shattering 
the dewars  with an  explosively generated shock wave. 

The oxidizer and the fuel we re  mixed 

The cryogenic propellants reac ted  spontaneously when the dewars  were  
shattered.  
t ime before initiation, all t e s t s  we re  conducted without a n  initiation 
delay period af ter  initial contact. 

Since this  prevented the evaluation of an  optimum mixing 

The overpressure  t es t  r esu l t s  indicated that the explosive yield of 
LOX/LH2 increased  a s  the distance f r o m  the event increased.  The impulse 
TNT equivalences inc reased  with increased distance to approximately 60 ft 
f r o m  the t es t  f ixture and decreased thereaf ter  within the l imi ts  of the t es t  
a r ea .  Maximum overpressure  and impulse t e s t  equivalences follow: 

Propellant  Type 
(1 1b) 

LOX/LH2 

LOX/RP- 1 

N204/A-50 

Equivalent l b  TNT 

I Impulse Overpressure  

0. 6 to 0. 8 0. 8 to 1. 05 

Analysis of tes t  films revealed that most  of the f i rebal l ' s  growth occur red  
during the f i r s t  20 msec  af ter  propellant initiation. 

Examination of the initial f i rebal l  growth r a t e  data f r o m  t e s t  to t es t  
indicated a s imilar i ty  of growth r a t e s  for  the LOX/LH Initial 
f i rebal l  growth r a t e s  of 0. 92 and 0 .46 f t /msec  per  l b  1 7 3  of propellant we re  
observed for the f i rebal l  d iameters  and heights, respectively.  The diam- 
e te r  and height growth r a t e s  attenuated to approximately 0. 18 and 0. 14 f t /  
msec  per  lb1/3  of propellant a f te r  approximately 15 msec .  
f i reba l l  d iameters  varied f r o m  64 to 91 ft and the maximum height ranged 
f r o m  38. 5 to  73 ft .  

propellant.  

The maximum 
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4. TECHNICAL DISCUSSION 

4 . 1  APPROACH 

Severa l  p rograms  have been conducted by various agencies (References 1 
to 8) to  a s s e s s  explosion hazards  associated with catastrophic fa i lures  
of missi le- launch vehicles containing both cryogenic and hypergolic p ro-  
pellants. None of these studies has evaluated the effect of a change i n  
the init ial  contact surface a r e a  between the oxidizer and the fuel and its 
influence on the explosion pa ramete r s  of a LOX/LHz propellant system. 

In this  study it was intended to  extend the controlled contact a r e a  t es t s  
with LOX/RP-1 and N 2 0  /A-50 propellants in  previous studies (Ref- 4 
erence  9) to LOX/LH2 propellant fo r  comparison.  

4 . 2  TEST CONFIGURATION DESIGN 

Contact interface a r e a  was controlled by placing one- liter cylindrical 
g lass  dewar f lasks  in  an  aluminum pan. The oxidizer was placed in  the 
g lass  dewar and the fuel was placed in the pan surrounding the dewars.  
The oxidizer and fuel  w e r e  mixed by transmit t ing a n  explosively generated 
shock wave into the bottom of the aluminum pan; the shock wave shat tered 
the g lass  dewars and provided nearly simultaneous contact of the fuel 
and oxidizer.  
radius of the double-wall g lass  dewars.  The shock wave was generated 
by a double length of 20-gr/f t  mild detonating fuze (MDF) placed against  
the bottom on the outside of the aluminum pans directly underneath each 
row of dewars.  The MDF was initiated at two centra l  points on opposite 
s ides  of the pan to make shock wave t ransmiss ion  into the pan nearly 
simultaneous. The construction of a LOX/LH2 dewar pan assembly  with 
the MDF protruding through the foam insulation is shown in Figure  1. 
The MDF was initiated with a smal l  quantity of Composition C-4 explosive 
and two DuPont X-98 blasting caps w e r e  used  to ensure  initiation 
sys tem reliability. 

The  contact a r e a  was computed f r o m  the mean 

To determine the effect of the LOX/LH2 explosion pa ramete r s  with respect  
to init ial  propellant contact a r e a ,  a tes t  plan was devised that evaluated 
th ree  different contact a r e a s  (25. 12, 36. 81, and 56. 23 sq  f t )  for  a fixed 
oxidizer to fuel ra t io  (5: l )  o r  total  propellant weights of 100, 150, and 
225 lb, respectively. 
propellant was maintained for  all LOX/LH2 tes t s .  

A constant ra t io  of 1 sq  f t  of contact a r e a  to  4 lb of 
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MILD 
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Figure  1. LOX/LH2 Dewar Pan Assembly.  
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Comparison t e s t s  were  conducted with LOX/RP- 1 and N2O4/A-50 propellants 
with a contact a r e a  of 36. 81 s q  f t  to  permit  corre la t ion of the th ree  propellant 
sys tems with data obtained in previous studies (Reference 9). 
ra t ios ,  init ial  contact interface a r e a s ,  and total  quantities of propellant 
a r e  presented in Table 1. 
in  duplicate f o r  a total  of ten tes t s .  

The mixture 

Each of the five t e s t  conditions was conducted 

The dewar pan configuration was designed to provide a symmetr ica l  
ar rangement .  
and dewars was determined with a computer p rogram developed in a 
previous study (Reference 9). The pan s ize,  dewar ar rangement ,  and 
depth of propellants a r e  given in  Table 2.  

The number of dewars and the depth of liquid in  the pans 

The aluminum pans to contain the dewars and fuel  were  fabricated to the 
s izes  indicated by the computer program. 
1 /8  in,  sheet  welded to a 3/16-in. sheet  aluminum bottom. A l l  joints of 
the pans were  welded and reinforced with 1 / 8 i n .  -thick aluminum angle. 

The s ides  of the pans were  

Because LH2 was used in these  tes t s ,  the pans were  insulated with a 
minimum 2An. thickness of urethane foam (p  
A typical LOX/LH2 dewar pan is shown in Figure  2. 
LOX/RP- 1 and N2O4/A-50 dewar pans were  insulated w;th approximately 
2 in. of foam. This foam was utilized to ensure  that the shock wave t r ans-  
mitted into the LOX/RP-1 and N2O4/A-50 pans had the same  magnitude 
a s  that in  the LOX/LH2 t e s t s .  A typical LOX/RP-1 dewar pan is shown 
in Figure  3. 

3 2.  0 lb/ft  ) on all s ides .  
The bottoms of the 

The pans were  designed to remain  intact  a f te r  initiation of the MDF. 
The shock wave was t ransmit ted  into the bottom of the pan without rup-  
tu re  of the aluminum sheet;  
blown away af ter  propellant reaction i s  shown in  Figure  4. 

the bottom of a typical pan with i t s  sides 

4.3 TEST OPERATION 

4.3. 1 LOX/LH2 Tes t s  

The dewars were  supported in a ver t ica l  position by a 1/16-in. poly- 
ethylene membrane secured to  the  top edges of the pan to prevent spillage. 
The bottom t ips  of the dewars res ted  on the bottom of the pan. Each 
dewar was closed with a cork  stopper to prevent the oxidizer f r o m  
eva p o rat ing . 
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Figure 2. Typical LOX/LH2 Tes t  Setup. 
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Figure  4. Aluminum Pan  Bottom A f t e r  Test .  
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To provide personnel  safety,the LH2 was added by remote  control.  
loading operation was conducted f r o m  a reinforced building fo r  ins t ru-  
mentation and personnel  approximately 125 f t  f r o m  the t e s t  f ixture.  
fuel was t r ans f e r r ed  f r o m  a 1000-liter LH2 t r a i l e r  (Linde LSH-1000) to  
the t e s t  pan through a 175-ft long, 3/4-in. d iameter  foam-insulated 
aluminum line, An LH2 loss  of approximately 20070 occurred during 
t rans fe r .  

The 

The 

The fuel depth in  the pan was sensed by a ca rbon- res i s to r  type level in-  
dicator.  
s e r i e s .  #The voltage d rop  a c r o s s  the 1K r e s i s t o r  was monitored when 
22. 5 volts were  applied to the sys tem.  
(approximate)  was observed when the 47K r e s i s t o r  was completely immer sed  
in the liquid hydrogen vs the gaseous hydrogen. 

The level  indicator consisted of a 47K and a 1K r e s i s t o r  in  

A 30 millivolt differential 

A schematic drawing of the probe c i rcui t  is shown in Figure  5. 
probes  we re  placed in  each pan at different levels  to pe rmi t  monitoring 
of the fuel level during the loading operation. 

Four  

A typical t es t  was conducted in  the following manner:  

a. 

b. 

C .  

d. 

e. 

f .  

€4. 

The MDF was attached to the pan bottom and the pan was covered 
with insulation. 

The dewars we re  secured in  the pan and a layer  of insulation 
was placed on the top of the pan. 

The dewars we re  filled with enough LOX to provide the des i red  
contact a r e a  with the surrounding fuel. 

The dewars were  stoppered with the corks  to  reduce evaporation. 

The dewar pan was  secured to a 2 in. s t ee l  witness plate with 
a 1 / 2  in. d iameter  cable to  prevent upward movement of the pan 
a f te r  initiation of the MDF. 

The LH2 was added remotely to the pan until i t s  depth equalled 
that  of the oxidizer in the dewars.  

The MDF under the pan was initiated,sending a shock wave into 
the pan to shatter  the dewars.  
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4.3.2 LOXIRP-1 Tes t s  

The LOX/RP-1 t e s t  pan was essential ly the s a m e  as the LOX/LHz t e s t  pan 
except only the bottom was foam insulated and the method of securing the 
dewars  in the pan differed. did not require  a supporting mem-  
brane  because the pan s ize  was jus t  sufficient to  contain the dewars.  A s  in 
the LOX/LHZ t e s t s  the dewars were  stoppered with corks to prevent 
evaporation of the LOX. A plywood cover was placed on top of the stoppers 
to maintain thei r  sea l  during the fuel  loading operation. 
ready fo r  fuel loading is shown in  Figure  3. 

The dewars 

A pan assembly  

A typical t es t  was  conducted in  the following manner: 

a. 

b. 

C .  

d. 

e. 

The fuel r e s e r v o i r  and a nitrogen gas  supply ( required  for  pumping 
the RP-1 into the t es t  pan) w e r e  located in  a pit adjacent to the 
t es t  fixture. 

The fuel, which had been carefully measured  previously in a 
separa te  vessel ,  was added to the fuel r ese rvo i r .  

The dewars were  manually filled with LOX to the depth required 
for  the specified contact a rea .  

The fuel loading operation was conducted f r o m  the control building 
for  personnel safety. 
f r o m  the supply r e s e r v o i r  to the dewar pan assembly  with gas 
p r e s  sure .  

The des i red  amount of fuel was forced 

At a predetermined t ime the MDF under the pan was initiated and 
the various blast and thermal  pa ramete r s  were  measured .  

4 . 3 . 3  N204/A-50 T e s t s  

The hypergolic propellant t es t s  were  conducted i n  the same manner a s t h e  
LOX/RP- 1 t es t s  except for  added precautions to prevent pre- ignition of 
the fuel and oxidizer. The method of sealing the dewars was improved by 
using a Saran-covered foam-rubber stopper bonded to a cork  stopper. 
The N204  was precooled to prevent excessive vaporization by passing 
i t s  supply line through a n  ice  bath. 
nitrogen which evaporated during the N2O4 loading operation. 
l id covered with aluminum foil was placed on the pan to prevent the stoppers 
f r o m  becoming dislodged af ter  loading. 
gaseous nitrogen to prevent oxidizer vapor accumulation. 
loading operation is shown in  Figure  6. 
loading operation is shown in Figure  7. 
the propellants ignited prematurely in  the end of the loading period during 
the f i r s t  hypergolic test .  

The dewars were  precooled with liquid 
A plywood 

The top of the pan was purged with 

A pan assembly  ready for  the fuel 
Despite the precautions taken, 

The propellant 



09 54 -0 1( 0 1) FP 
Page 14 

Figure  6. Propellant  Loading. 
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In the second tes t ,  the plywood cover was removed and the gaseous ni-  
trogen purge to  the top of the pan was eliminated. 
t u r e  ignitions af ter  these  two modifications w e r e  incorporated in the 
propellant handling procedure.  
permit ted oxidizer vapors escaping f r o m  the dewars to d i sperse  into the 
a tmosphere  before reaching sufficient concentration to ignite with the 
Aerozine 50 fuel. 

There  were  no p r e m a-  

Removing the plywood cover apparently 

4 . 4  PRELIMINARY SHATTER TESTS 

A s e r i e s  of pre l iminary  tes t s  was conducted to determine the efficiency 
of the proposed shock wave shattering technique. 
aluminum plate and types of explosive mate r i a l s  were  tested to  determine 
a configuration for  efficiently shattering the dewars with a minimum 
amount of explosive mate r i a l  and damage to  the pan. 
DuPont explosive sheet  and P r i m a c o r d  were  rejected because they caused 
excessive damage to  the pan bottoms. Tes t s  with 10 g r / f t  MDF and 3/16-  
in.- thick aluminum pan bottoms produced the des i red  resu l t  when the pan 
was situated on a s tee l  plate. 
separat ion between the pan bottom and the s tee l  plate, 20 g r / f t  MDF 
was used. 
air- fi l led pan ( 3 1  16 in. bottom thickness)  and shat tered into small 
pieces (approximately 2 by 4 in. ). A duplicate t es t  configuration with 
water  in the pan produced smal le r  dewar fragments  because of the in-  
compressibi l i ty of the water .  The water  and air in  the pans were  used to 
evaluate the shat ter  character is t ics  of the g lass  dewars under density 
ext remes .  
Analysis of the films indicated the mixing t ime between the fuel in the pan 
and the oxidizer in  the dewars was l e s s  than 10 msec.  

Various thicknesses of 

Severa l  weights of 

Since the foam insulation caused a 2-in. 

In a trial t e s t  49 dewars filled with RP-1 were  placed in an 

A Fastax camera  recorded the shat ter  t es t s  a t  2300 f r a m e s / s e c .  

4 .5  INSTRUMENTATION 

4. 5. 1 Layout 

Four overpressure  instrumentation stations were  located in each of th ree  
gage lines radiating f r o m  the tes t  f ixture at distances of 25, 40, 60, and 
80 f t .  A layout of the t e s t  a r e a  instru-  
mentation is shown in Figure  8 and a photograph of the t es t  a r e a  is shown 
in Figure  9. A l l  instrumentation cables were  buried approximately 6-in. 
to  prevent any damage f r o m  the blast  overpressure  and tes t  pan fragments .  
Two additional overpressure  stations were  located at a distance of 98 f t .  
f r o m  the center  of the t e s t  a r ea .  

The gage l ines w e r e  120' apar t .  
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Figure  8. Instrumentation Layout. 
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Four  t he rma l  radiation stat ions we re  established on each of th ree  gage 
l ines radiating f r o m  the t e s t  f ixture at distances of 10, 15, 25, and 35 f t .  
These  gage lines were  offset f r o m  the overpressure  gage l ines by 30°. 
fourth line of four t he rma l  gages (Midwest Research  Institute) was  
located at distances of 10, 15, 20 and 25 f t  f r o m  the center  of the test a r ea .  
This line was  a l s o  located 30° f r o m  one of the previously indicated 
the rmal  gage l ines.  

A 

Two camera  s i t es  we re  established a t  distances of 117 and 190 f t  f r o m  the 
center  of the test a r e a  and we re  separated by 68O. Both camera  s i tes  were  
located approximately 1 l0  above the test a r e a  level.  

The data- recording equipment was located in a n  underground control  building 
located approximately 125 f t  f r o m  the center  of the t es t  a rena .  This building 
was occupied by all t es t  personnel  during the fuel loading operations and 
actual  t es t s .  
f r o m  the control building. 

Closed c i rcui t  television permitted observation of t e s t  a r ena  

4. 5. 2 Air-Blas t  Measurements 

The a i r- b las t  ove rp re s su re s  we re  measured  with Atlantic Research  
Corporation (ARC) Model LC-33 pencil piezoelectr ic t r ansducers ,  and 
Ballistic Research  Laboratory  (BRL) self- recording p r e s su re  gages. 

The ARC pencil gages we re  placed 2 ft above the ground in r igid pipe stands 
(Figure  10).  Peak  p r e s su re ,  shock wave velocity, positive impulse, and 
positive overpressure  duration we re  determined f r o m  the data recorded 
with these  gages. The gage output was fed through low-noise cable into a 
calibrat ion unit and then into ARC low impedance ampl i f iers  (Model 104A). 
The amplif ier  output was recorded on a 14-channel magnetic tape recorder  
(Prec i s ion  Instruments Model 214) operating a t  60 in. / s ec .  
readable records  for  data reduction, i t  was necessa ry  to play the tape back 
a t  15 in . /sec  into a recording oscillograph (CEC Model 5-114) operat ing a t  
57.6 in . / sec .  
the r eco rd  playback. 
expansion playback advantage fo r  data reduction purposes.  

To obtain 

CEC Type 7-343 oscil lograph galvanometers we re  used fo r  
The graph r eco rds  represen ted  a four-to-one t ime  

P r i o r  to each tes t ,  a calibrat ion was recorded on the magnetic tape sy s-  
t e m  for  data reduction purposes.  
applying a square-wave puise of known voltage through a known-value 
capacitor  (including the  gage and gage cable capacitances)  for  each 
pressure- gage channel. This cal ibrat ion procedure l imi ts  the input 
capacity of the channel to the expected blast p r e s s u r e  for  the par t icular  
type and weight of explosive mate r ia l  a t  a specific distance f r o m  the 
event. The recorder  output represented,  in  pico-coulombs, the expected 

The calibration was  obtained by 
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Figure 10. Blast Overpressure Gage Stand. 
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charge  output of the gage on that channel. Data reduction was  accomplished 
by determining what par t  of the calibrat ion the event represen ted  and then 
dividing this  amount by the gage sensitivity (pico-coulomb/psi) to obtain 
the ove rp re s su re  (psi) .  By varying the calibrat ion voltage (5  to 50 v) and 
the calibrat ion capacitance (240 to 8000 ppf) i t  was possible to obtain 
records  for the wide range of ove rp re s su re s  experienced with only smal l  
differences in wave amplitude for  any of the t es t s .  

No correct ion was made in the air blast  measurements  for  the effect of 
a tmospher ic  p r e s  s u r e  variation. Examination of the air blast measure-  
ment technique indicated that atmospheric p r e s s u r e  has  only a negligible 
effect for  the t es t  s i te  elevation (approximately 900 f t ) .  

On each tape record ,  2-msec timing m a r k s  we re  recorded  for t ime  his tory  
purposes.  
pulse, shock wave velocity, and positive impulse duration. 

The m a r k s  provided the t ime  base  required in determining im- 

P r i o r  to s tar t ing the actual experimental s tudies,  a s e r i e s  of cal ibrat ion 
t e s t s  was  
charac te r i s t i cs .  These pre l iminary tes t s  we re  conducted to check out 
the instrumentat ion sys tem and to provide TNT equivalence reference 
data fo r  comparison with the propellant t e s t  r esu l t s .  Results  of these  
t e s t s  a r e  discussed in Section 4. 6. 1. 

conducted with TNT explosive charges  having known blast  

The TNT equivalence of the propellant i s  defined as the weight of TNT 
that will give the s ame  peak overpressure  o r  impulse a t  the s ame  dis-  
tance as that obtained f r o m  the mate r ia l  under t es t .  
in this  repor t  are expressed as the ra t io  of pounds of TNT equivalent to a 
pound of propellant. 

The TNT equivalences 

The calibrat ion tes t s  we re  conducted with cylindrical l o - ,  25- , 50-, and 
100-lb TNT charges  having a length to d iameter  ra t io  of approximately 1. 
The charges  we re  f i red  6 in. above ground level  to  approximate the 
center  of the explosion generated f r o m  the propellants in  the pans and to 
protect  the s tee l  t e s t  plate. 

A descript ion of the BRL p r e s s u r e  gages i s  presented in Appendix A. 

4. 5. 3 Overpressure  Based Upon the Rankine-Hugoniot Equation 

The theoretical  bas is  for  determining peak overpressure  in the 5- to 
90-psi range f r o m  shock wave and sonic wave velocity measurements  is 
given by Kalavski (Reference 10). With this  approach, i t  is possible to 
establish a relat ion between shock wave velocity and the peak overpressure  
f r o m  the Rankine-Hugoniot equations and the proper t ies  of the medium. 
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With the assumption 
p r e s s u r e  
to  der ive  the following equation 

that the ra t io  of the specific heat a t  constant 
and volume is a constant a c r o s s  the shock boundary, i t  is possible 

which i s  based on the ideal  gas law: 

where  

P = peak overpressure  in  the shock front (above atmospheric 
S p r e s s u r e )  

P = atmospher ic  p r e s s u r e  

U = shock wave propagation velocity 

C = velocity of sound in undisturbed air 

y 

0 

0 
= ra t io  of specific heat a t  constant p r e s s u r e  to specific 

heat a t  constant volume 

The velocity of sound was determined f r o m  the formula 

where  

C = velocity of sound in d ry  air a t  temperature ,  T 

C = velocity of sound in d ry  air a t  O°C 
0 

T = t empera tu re  of air in degrees  centigrade 

Since humidity has  a negligible effect only on y and not on U, Co,  o r  
Po (s ince  they a r e  measured  quantities a t  the t es t  humidity), it is possible 
to eliminate consideration of humidity with only a small overall  e r r o r  of 
l e s s  than 0.  1% in the calculated p r e s su re .  

The shock wave velocities utilized in Equation 1 we re  determined f r o m  
t ime-of- arr ival  data at the pencil gages. The velocities were  computed 
by dividing the gage-to-gage distance by the gage-to-gage elapsed t ime.  
The velocities as calculated a r e  higher than the actual  shock wave velocity 
because this a s sumes  a l inear  r a t e  of decay. The actual  decay is some 
exponential function depending on the explosive mate r ia l  and the distance 
f r o m  the event. 
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4. 5.4 F i reba l l  Size Measurements 

The f i rebal l  growth r a t e  and his tory  profiles were  recorded with four 
c a m e r a s  located a t  two viewing s i tes  (Figure  8). 
of the f i rebal l  was recorded by two Fas t ax  c a m e r a s  located 190 and 177 ft 
f r o m  the t es t  f ixture.  
5500 f r a m e s / s e c  to  provide a t ime resolution that was commensurate  with 
the ea r ly  f i rebal l  growth ra te .  
cord  only the initial growth ra te .  The ent i re  duration of the f i r e -  
balls  was  recorded with a Milliken camera operating at 400 f r a m e s / s e c  
and a HyCam camera  operating approximately 1000 f r a m e s / s e c .  High- 
speed in f ra red  film was used in both the Fastax camera s  while color 
film was used in  both of the slower speed camera s .  
cyc le / sec  t ime m a r k s  we re  recorded on the film records  during the 
t es t  f o r  data reduction purposes.  

The initial growth ra te  

The two c a m e r a s  we re  operated a t  approximately 

These two camera s  we re  used to  re-  

One-thousand 

The f i rebal l  dimensions were  measured with a Vanguard Motion Analyzer. 
The analyzer  sca le  was calibrated against  the p r e s s u r e  station distances 
on the film records  fo r  s i ze  computations. 
film data to  compensate fo r  the f i rebal l  curvature.  
accomplished with a computer p rogram which made the correct ion vs  d i s-  
tance f r o m  the center  of the event and recomputed the f i rebal l  s ize.  

A correct ion was made in  the 
The correct ion was 

F i reba l l  duration was judged to cease  when the  f lame was no longer visible. 
The end of the propellant reaction was character ized by one o r  m o r e  
localized f i rebal ls  that were  part ial ly obscured by the combustion by- 
products. 
due to this  cloud of by-products. 

The termination point was difficult to determine in  most  t e s t s  

The computed f i reba l l  data was f ed  into a point plotter (Electronic 
Associates,  Inc. , Model 3033)  for graphical representa t ion of the 
propellant f ireballs  on a distance v s  t ime bas i s .  

4. 5. 5 Fragment  Velocity Measurements 

One of the major  hazards  associa ted with the catastrophic malfunction of 
a miss i l e  propulsion sys tem is the danger f r o m  metal  hardware  f ragments .  
These  hardware  f ragments  can t r ave l  a t  high velocities, and even though 
they are  small thei r  kinetic energy can inflict s eve re  damage to  nearby 
facil i t ies o r  prove lethal  to personnel. The prediction of fragment t r a -  
jec tor ies ,  a r r i v a l  t imes ,  and velocities is not amenable to analytical 
techniques with the propellant mate r ia l s  involved. 
such as the Gurney formula consider only the initial fragment velocity 
without regard  to  the contribution of energy impar ted to  f ragments  f r o m  
the expanding f i rebal l  generated by a propellant reaction. There  are  
standard analytical procedures  fo r  determining the velocity of a f rag-  
ment as a function of the distance f r o m  the s tar t ing point, and a s  a 

Analytical t rea tments  
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function of altitude provided the maximum fragment  velocity is known. 
The purpose of this par t  of the p rogram was to experimentally determine 
the r a t e  of energy t ransmit ted  to f ragments  within a propellant f i rebal l  
and to  establish at what distance f r o m  the propellant energy source  the 
maximum fragment velocity occurs .  
measurement  techniques we re  evaluated fo r  determining the fragment 
velocities. 

Four  different experimental  

4. 5. 5. 1 Fragment-Wire  Velocity Technique 

In this  technique a w i r e  t rack  was run f r o m  near  the dewar pan to the 
outer edge of the t e s t  a r e a .  The w i r e  was drawn taut between two anchor 
posts  and a fragment of known m a s s  and cross- sect ional  a r e a  was placed 
on the wi re  near  the dewar pan. Time-of-arr ival  switches we re  located 
along the wi re  a t  known distances.  
wire  a f te r  initiation of the propellants by the impulse loading f r o m  the 
propellant reaction. 
a s tep  function signal was recorded on a oscillograph with a suitable 
t ime  base  fo r  data reduction purposes.  
between stations, it was  possible to  compute the average velocity between 
stations. 
jus t  to the left of the dewar pan in Figure  7. 

The f r agmen t  was projected along the 

A s  the fragment passed the t ime-of-arr ival  stat ions,  

Knowing the distance and t ime 

The fragment and severa l  t ime-of- arr ival  stations can be observed 

Several  types of make and break probes were  t r i ed  fo r  the velocity stat ions,  
but the s eve re  shock environment t r iggered the probe ahead of the a r r i v a l  
of the f ragment .  P robes  which would withstand initial shockwave passage 
provided too much res i s tance  to the fragment t rave l  to permit  valid 
velocity measurements .  The technique w a s  fu r ther  hindered by deflection 
of the taut wire  as the f ragment  traveled down the wire,  causing the f rag-  
ment to miss the probe station entirely o r  s t r ike  the probe stand,terminating 
any fur ther  measurements .  Several  trials were  made with this technique 
but no fragment velocity data was obtained which was significant to the 
solution of the fragment problem other than the apparent  fact  that  the shock- 
wave precedes  any f ragments  during the initial f i rebal l  growth period. 

4. 5. 5. 2 Fragment-Reel  Velocity Technique 

This measurement  technique was based on a method of determining the 
velocity of a flexible wi re  attached to  a fragment of known mass and shape. 
A spher ical  fragment was  placed near  the dewar pan on a wooden stake 
and a fine, flexible cable secured to the fragment.  
on a 6-in. d iameter  Aluminum d rum supported on ball bearings to  eliminate 
a s  much d rag  as  possible on the w i r e  and fragment.  
positioned near  the dewar pan in a heavy s tee l  enclosure.  A magnetic 
pickup was attached to  the d rum enclosure to  determine the  velocity of 

The cable was wound 

The wi re  d r u m  was 
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the d rum as the wi re  unrolled. 
t h r ee  t r i a l s  before the d rum could move and no d r u m  velocity data was 
obtained. 
the end f r e e  yielded the same resul ts ;  i. e. 
f r o m  the wi re  due to the ext reme shock environment generated by the 
propellant reaction before the wire  could move. 

The fragment separated f r o m  the cable in 

Tes t s  with the f ragment  secured  to a shor t  length of cable with 
the f ragment  was separated 

4. 5. 5. 3 Fragment-Wire-Break Station Technique 

The f ragment-wire-break stat ion technique consisted of a known mass and 
shape fragment which was secured to a high tensile strength s teel  wire .  
The fragment and wi re  we re  located near  the t es t  f ixture (F igure  3 )  in a 
position which would cause the f ragment  w i r e  to break a s e r i e s  of e lect r ica l  
probes which were  separated by known distances as it moved away f r o m  
the t e s t  fixture. 
measurements  f r o m  the tes t  setup by pre t r igger ing many of the velocity 
stat ions before the f ragment  wire  could t r igger  the stations. 
s eve ra l  trials we re  made to  improve the velocity stations to prevent the 
pretr iggering,  no useable data was obtained which was significant o r  could 
contribute to  the solution of the fragment hazard  problem. 
technique would a l s o  require  accura te  determination of the direction of the 
flight of the fragment before flight velocities could be computed. 

The extreme shock environment again prevented useable 

Although 

U s e  of th is  

4. 5. 6 .4  Camera  Velocity Measurement Technique 

A Fas tax  camera  was positioned to record  the t r ave l  of s eve ra l  meta l  
f ragments  which we re  placed on the top of the dewar pan. 
fragment velocities we re  l e s s  than the initial f i rebal l  growth velocities 
and the f ragments  were  not visible unti l the f i rebal l  had reached i t s  
maximum dimensions. 

However, the 

4. 5. 6 Meteorological Measurements 

Readings of humidity, temperature ,  a tmospher ic  p r e s su re ,  and wind 
velocity were  recorded for  each tes t .  The humidity and tempera tu re  were  
determined with a Brown chart- type recorder .  The a tmospher ic  p r e s s u r e  
was measured  with a me rcu ry  barometer .  
with a n  anemometer  held next to the t es t  f ixture before and a f te r  each test .  

Wind velocity was determined 

4. 5. 7 Thermal  Measurements 

F i reba l l  t empera tu re  and radiation measurements  were  made by personnel 
f r o m  NASA, Manned Spacecraft Center ,  Houston, Texas.  
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F i reba l l  t empera tu re  measurements  were  a l so  made on par t  of the t e s t s  
by personnel  f r o m  the Midwest Research  Institute, Kansas City, Mo. using 
a s e r i e s  of preheated thermocouples. 
in Reference 11. 

Results  of these t es t s  a r e  repor ted 

4 . 6  TEST RESULTS 

The t e s t  r esu l t s  f r o m  the experimental  s tudies conducted during this  
p rogram a r e  presented i n  Tables 3 through 8, 

4. 6. 1 TNT Calibration Tes t s  

Results  of the 10, 25, 50, and 100-lb TNT calibration t e s t s  a r e  presented 
in Table 3 in the fo rm  of peak overpressure ,  positive impulse, and positive 
pulse duration vs  distance f rom the center  of the t es t  a r e a .  The peak over -  
p r e s s u r e  values we re  scaled to  a 1 lb equivalence bas i s  and the scaled 
values were  used in establishing a t e s t  area TNT calibration curve p r e -  
sented in Figure  11 as scaled distance vs  overpressure  where  the scaled 
distance ( X )  is equal to  the radial  distance ( R )  f r o m  the event divided by the 
cube root of the charge  weight ( W 1 I 3 ) .  

The positive impulse data was scaled to a 1 lb equivalence bas i s  in 
a similar manner .  
the t e s t  a r e a  impulse calibrat ion curve presented in Figure  12. 

Results  of these  computations were  used to  establish 

A comparison of the calibration tes t  resul ts  with Ball is t ic  Research  
Laboratory data (References 12 and 13) f o r  s imi la r  t e s t  conditions indicate 
only a negligible variat ion in both p r e s s u r e  and impulse values for  the 
range of reduced distance ( X  = > 5 to  < 40). 

Results  of the calibration tes t s  we re  utilized in F igures  13 through 22 by 
superimposing the pertinent TNT equivalence percentage curves  over the 
resu l t s  of the overpressure  and impulse measurements  fo r  each of the 
propellant t es t  conditions. These  curves  permit  a d i rec t  evaluation of the 
TNT overpressure  and impulse equivalences in t e r m s  of distance f rom the 
event fo r  each of the t e s t  conditions. 

The TNT equivalence comparison of two explosive mate r ia l s  must  be made 
with a simultaneous evaluation of peak overpressure  and positive impulse 
data. The initial air shock produced f r o m  a n  explosive mate r ia l  is 
inc reased  by the support it receives  in the f i rebal l  f r o m  expanding gases  
and secondary shocks. 
f i rebal l  limits it no longer receives  added energy and a s sumes  the charac-  
t e r i s t i c s  of a shock wave produced f r o m  a point source.  

Once the shock wave has  traveled beyond the 

(Text continued on page 53) 
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Table 3. TNT Results.  

Peak  
Charge Gage Distance Over - 
Weight Tes t  f r o m  Event Gage p r e s  su r  e 

(lb) No. (ft) No. (Psi )  

10 1 25 1 - -* 
5 7 . 0  
9 8.5 

mean 7.3  

10 2 

40 

60 3 1 .8  
7 1.9 

11 1.9 
mean 1.9 

80 4 1.3 
8 1.3 

12 1. 1 
mean 1.2 

- - xc 25 1 
5 6.8 
9 6. 7 

mean 6. 8 

40 2 3 .3  
6 3 .5  

10 3 . 0  
mean 3 .3  

60 3 1.8 
7 1. 8 

11 1. 7 
mean 1 . 8  

Posit ive 
Posit ive Pu l s e  
Impulse Duration 
(ps i-msec)  (msec)  

.I. - -* - - -,. 
11. 6 4.4 
12.9 4. 5 
12.3 4 . 5  

N/A 

6. 8 
5. 8 
6. 2 
6. 3 

4. 6 
4. 5 
3 .5  
4 . 2  

.I. - -.I. 
12.4 
12. 6 
12.5 

8 . 9  
8.7 
7.5 
8 .4  

5. 6 
5.5 
6.0 
5 .7  

N / A  

6. 9 
7. 1 
7 .3  
7. 1 

8.3 
6. 2 
7.4 
7 .3  

.*. c - -4. 
4.3  
3 .7  
4 . 0  

5. 7 
5 . 6  
4 . 2  
5.2 

6. 8 
6. 7 
7.3 
6. 9 

::: Gage not operat ing<properly.  
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Table 3. ( Continued) 
Peak 
Over-  

p re s  s u r e  
(psi)  

Posit ive 
Posit ive Pu lse  
Impulse Duration 

(psi  -ms ec)  (msec)  

Charge Gage Distance 
Weight Test  f r o m  Event Gage 

(lb) No. ( f t )  No. 

80 4 
8 

12 
mean 

1 . 2  
1.3 
1. 1 
1 .2  

4 .5  
4 .9  
3 . 7  
4 . 4  

8. 2 
6 .4  
7.0 
7 .2  

25 3 25 1 
5 
9 

mean 

13. 0 
14. 5 
13. 2 
13. 6 

26.4 
22. 5 
23. 3 
24. 1 

4 .4  
4 . 4  
4 . 4  
4 . 4  

40 2 
6 

10 
mean 

5.5 
5. 2 
5. 1 
5 .3  

15. 5 
16. 2 
14. 5 
15.4 

6. 3 
6 ,  8 
5 .7  
6 .3  

60 3 
7 

11 
mean 

2.7 
2 . 5  
2.9  
2. 7 

10.8 
10.4 
10.4 
10.5 

7. 6 
9 . 2  
8 .3  
8 . 4  

80 

25 

40 

4 
8 

12 
mean 

1.7 
1. 8 
1. 7 
1. 7 

8.4 
8. 7 
7 .3  
8, 1 

8 . 4  
8. 7 
7 .3  
8. 1 

25 4 1 
5 
9 

mean 

13,  1 
13.4 
16, 2 
14. 2 

21.9 
20.3 
24. 5 
22. 2 

4 .5  
4 .4  
6 .2  
5 .0  

2 
6 

10 
mean 

5 .5  
5.0 
5 .4  
5 .3  

16. 3 
15.8 
13. 2 
15. 1 

6. 1 
6.9 
5 .5  
6. 2 

60 3 
7 

11 
mean 

2. 6 
2. 6 
2. 8 
2 . 7  

10.1 
10.5 
12.0 
10. 9 

7. 6 
8. 8 
8. 0 
8. 1 
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Table 3. (Continued). 

Peak  
Charge Gage Distance Over - 
Weight Tes t  f r o m  Event Gage p r e s s u r e  

(1b) r- No. ~ (ft) No. (psi)  

P o  s itive 
Pu l se  

Duration 
(msec) 

Posi t ive  
Impulse 

(ps i  -ms ec)  

80 4 1.7 
8 1.9 

12 1. 7 
mean 1. 8 

7.9 
9.3 
6. 6 
7.9 

8. 8 
8. 5 
8.3 
8. 5 

50 5 25 

40 

60 

1 26. 5 
5 25.4 
9 25.9 

mean 25. 9 

3 7 . 2  
36. 6 
40. 3 
38. 0 

4.5  
4 .7  
4 . 5  
4. 6 

2 8. 6 
6 8. 5 

10 8.2 
mean 8.4 

22.3 
23. 3 
19.4 
21 .7  

5. 8 
7 . 7  
5.2 
6. 2 

3 4.3 
7 4 . 2  

11 4. 8 
mean 4.4  

15. 0 
15. 8 
18. 1 
16. 3 

8. 9 
9 .4  
7. 8 
8. 7 

80 4 2.5 
8 2.5 

12 2 . 4  
mean 2.5 

12.2 
13. 2 
10.4 
11.9 

9.3 
12.0 
10.4 
10, 6 

50 6 25 1 
5 
9 

mean 

23. 9 
29. 2 
25. 0 
26. 0 

36. 0 
42. 1 
38.2 
38. 8 

4 .4  
4 . 8  
5 .2  
4. 8 

2 
6 

10 
mean 

6. 1 
7. 7 
4. 7 
6. 2 

40 

60 

8. 5 
9 .0  
8. 7 
8. 7 

22.1 
24. 7 
19. 5 
22. 1 

3 
7 

11 
mean 

4 . 0  
3 . 9  
3 . 9  
3 .9  

8. 1 
9.0 
8. 7 
8. 6 

14. 8 
14. 3 
16. 4 
15. 2 
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Table 3. (Continued). 

Posi t ive 
Pu l se  

Duration 
(msec) 

P e a k  
Over - 

p r e s s u r e  
(Psi)  

Posi t ive 
Impulse 

(ps i  -msec)  

Charge Gage Distance 
Weight Tes t  f r o m  Event Gage 

(Ib) No. (ft) No. - - 
80 4 

8 
12 

mean 

11.5 
13. 1 
10.3 
11. 6 

9 .3  
9 . 4  

10.4 
9 .7  

2.6 
2. 6 
2 . 3  
2 . 5  

100 7 25 1 
5 
9 

mean 

39 .0  
38. 0 

38. 5 
- -* 

71. 7 
59.5 

65.6 
- -$: 

4. 9 
4 .9  

4 .9  
- -* 

40 2 
6 

10 
mean 

13. 8 
12.5 
13.8 
13 .4  

35 .4  
36. 4 
34. 0 
35.3 

6. 1 
7. 1 
5. 8 
6. 3 

60 3 
7 

11 
mean 

5. 8 
6. 0 
6. 1 
6. 0 

22.3 
22 .5  
24. 8 
23.2 

8. 1 
9 . 3  
8 . 4  
8 .6  

80 

25 

40 

4 
8 

12 
mean 

.I. - - .,. 
3 . 4  
3 . 8  
3 .6  

.I. ---I. 

19.4 
17. 1 
38. 3 

- -$ 

13.4 
12.7 
13. 1 

45.2 
46. 7 
47 .1  
46. 3 

85. 8 
55. 6 
82. 3 
75.6 

5. 9 
4 . 4  
5. 1 
5. 1 

100 8 1 
5 
9 

mean 

2 
6 

10 
mean 

14. 2 
14. 4 
15. 2 
14. 6 

38. 1 
44. 1 
37. 7 
40. 0 

5 .7  
7 . 4  
9 . 4  
7.5 

* Gage not operating properly.  
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Table 3. (Continued). 

Peak  
Charge Gage Distance Over-  
Weight Tes t  f r o m  Event Gage p r e s s u r e  

(lb) No. (ft) No. (Psi)  

60 3 5. 6 
7 5 .9  

11 5. 1 
mean 5 .5  

80 4 3 . 2  
8 3 .4  

12 3. 6 
mean 3 .4  

Posi t ive 
Impulse 

(ps i-msec)  

Posi t ive 
Pu l se  

Duration 
(msec )  

26.3 
23.9 
28. 5 
26. 2 

16. 7 
21.0 
17. 3 
18. 3 

13. 7 
10.7 
13.4 
12. 6 

11. 8 
13. 5 
12.7 
12.7 
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Table 4. F i r eba l l  Size and Duration. 

Propel lant  Contact 
Weight A r e a  Tes t  

P r o p  e llant (lb) W2) No. 

LOX/LH2 

LOX/ LH2 

LOX/LH2 

LOXILH2 

LOX/LH2 

LOX / LH2 

LOX/RP-1 

LOX/RP- 1 

N204/A-50 

100 

100 

225 

225 

150 

150 

171 

171 

229. 5 

25. 12 

25. 12 

56.23 

56.23 

36.81 

36 .81  

36 .81  

36 .81  

36.81 

1 

2 

3 

4 

5 

6 

8 

10 

9 

Maximum Size 

Height Diameter  

52. 0 

38. 5 

57, 5 

63.0 

73 .0  

68. 0 

48. 0 

46. 0 

49 .5  

68. 5 

64. 0 

74 .5  

91. 0 

66. 0 

70. 0 

83.0 

78. 5 

70. 5 

Duration 
(set) 

1. 89 

1. 70 

1. 92 

2.00 

1. 90 

2.45 

1. 80 

1.35 

1. 28 
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Propellant 

LOX 1 LH2 

Table 5. Propellant  Tes t  Results.  

Propellant Contact Gage Distance 
Weight Area Tes t  f rom Event 

(ft2) No. (ft) 
-- _.__ 

( 1b) 

100 25. 12 1 25 

LOXlLH2 100 

LOX/LHZ 225 

25. 12 2 

56. 23 3 

40 

60 

80 

25 

40 

60 

80 

25 

40 

60 

80 

Cia ge 
No. 

1 
5 
9 

mean 

2 
6 

10 
mean 

3 
7 

11 
mean 

4 
8 

12 
mean 

1 
5 
9 

mean 

2 
6 

10 
mean 

3 
7 

11 
mean 

4 
8 

12 
mean 

1 
5 
9 

mean 

2 
6 

10 
mean 

3 
7 

11 
mean 

4 
8 

12 
mean 

Peak 
Over-  

p re s su re  
(psi) 

21.2 
20 .0  
29. 8 
23. 7 

9 . 3  
9 .2  
7. 7 
a. 7 

4. 6 
5 .0  
5 . 3  
5. 0 

2 .7  
3 .2  
3 . 0  
3.0 

17. 6 
21.7 
20. 5 
19. 9 

8. 2 
9 . 5  
8 . 9  
8. 9 

4. 6 
5. 0 
4 . 6  
4. 7 

2. 8 
3 . 1  
3. 1 
3 . 0  

33 .4  
35.2 
38. 5 
35. 7 

14. 8 
15. 4 
16. I 
15. 4 

7 . 2  
7.2 
7 .3  
7.2 

4 .3  
6. 0 
5 . 2  
5 . 2  

Posit ive 
Impulse 

(psi-ms ec) 

Posit ive 
Pulse 

Dura ti on 
(msec)  

47. 5 
42. 8 
83. 8 
58. 0 

34 0 
36. 5 
38. 5 
36. 3 

24. 1 
21. 6 
23. 0 
22.9 

12.3 
14. 7 
13. 3 
13. 4 

52. 3 
63. 8 
49. 1 
55. 1 

36. 0 
37. 3 
31.3 
34.9 

20.9 
19. 0 
22. 5 
20. 8 

18. 2 
18. 3 
13. 1 
16. 5 

92.2 
84. 8 
85. 3 
87. 4 

57.9 
64. 2 
49.8 
57. 3 

36. 6 

34 .0  
35 .3  

27.4 

21.2 
24. 3 

--* 

.A - _* 

6 4  
7 5  
7 9  
7 3  

12 2 
7. 7 

13 8 
1 1  2 

15.2 
9. 8 
9 5  

1 1  5 

12.4 
12 4 
9 . 9  

11 .6  

6 6  
6. 0 
7 9  
6 8  

1 1  6 
7 3  
8 8  
9 .2  

9 .4  
8 7  
8. 8 
9 .0  

17 7 
13 8 
9 . 4  

13. 6 

6. 0 
9. 0 
8 . 9  
8. 0 

12. 3 
14. 8 
7. 2 

11.4 

14 1 

9 9  
12. 0 

14 0 
- -* 

I O .  5 
12 3 

--I 

I Gage damaged by t es t  fragments.  
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Table 5. Propellant  Tes t  Results  (Continued). 

Peak  
Over-  

p re s su re  
(psi) 

27. 4 
28. 2 
29.4 
28. 3 

13. 0 
12.7 
14. 0 
13. 2 

7 .3  
6. 8 
6 . 3  
6.8 

- -** 
4.3 
4 . 2  
4 . 3  

22. 1 
23 .4  
22.7 
22. 7 

9.3 
9.8 
10.0 
9 .7  

4. 8 
5. 1 
5 .0  
5 .0  

3.6 
4. I 
3 . 4  
3.7 

13.8 
14. 9 
11.9 
13. 5 

6.3 
6. 7 
6. 0 
6 . 3  

3 .5  
3.7 
3. 6 
3 . 5  

2.3 
2 . 3  
2 .4  
2 .3  

Posit ive 
Pulse 

Duration 
(msec)  

6. 1 

9 . 7  
9 . 7  
8.5 

11.8 
11.7 
14. 0 
12. 5 

15. 7 
15. 9 
16. 2 
15.9 

--e* 
13.2 
10. 1 
11.7 

6. 2 
11.7 
9. 1 
9.0 

11.5 
10. 8 
12.4 
1 1 .  6 

14. 3 
13. 6 
14. 7 
14. 2 

17. 3 
14. 4 
9 . 4  

13. 7 

6. 3 
6. 2 

7. 1 

11.7 
12.4 
12.8 
12.3 

15. 4 
13.9 
15. 6 
15. 0 

17. 0 
12. 6 
2 1 . 0  
16. 9 

a. 7 

Positive 
Impulse 

(psi-msec) 

Propellant Contact Gage Distance 
Weight Area Tes t  f rom Event Gage 

(W (ft2) No. (ft) No. - Propellant 

LOXILHz 225 56.23 4 25 1 
5 
9 

mean 

67. I 
73.5 
84. 7 
75. 1 

55. 7 
52. 0 
60.2 
56. 0 

40 2 
6 

10 
mean 

60 3 
7 

11 
mean 

40. 2 
35.7 
40.4 
38.8 

80 4 
8 

12 
mean 

- -** 
28. 7 
19. 3 
24. 0 

54.5 
70.2 
63.6 
62. 8 

40. 3 
42.4 
40. 5 
41. 1 

26. 0 
26. 
29.6 
27. 5 

LOXILH, 150 36.81 5 25 I 
5 
9 

mean 

2 
6 

10 
mean 

40 

60 3 
7 

11 
mean 

80 4 
8 

12 
mean 

22. 1 
21.4 
15. 3 
19.6 

LOX 1 LH2 150 36.81 6 25 1 
5 
9 

mean 

37.6 
39.9 
40.2 
39.2 

26. 3 
30.2 
36.9 
31. 1 

40 2 
6 

10 
mean 

3 
7 

11 
mean 

19.9 
19. 5 
21.4 
20.3 

60 

80 4 
8 

12 
mean 

14.9 
15. 1 
16 0 
15.3 

* Gage damaged by t es t  fragments.  
** Gage not operating properly. 
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Table 5. Propellant Test Results (Continued). 

Positive Peak 
Over- Positive Pulse 

pressure Impulse Duration 
(psi) (psi-msec) (msec) 

Propellant Contact Gage Distance 
Weight Ar3a Test from Event Gage 
(Ib) (ft ) No. (ft) No. Propellant 

N204IA-50 

N204IA-50 

229.5 36.81 7 

229.5 36.81 9 

N O  D A T A  

25 61. 9 
61.8 
53.3 
59.0 

8.4 
7.5 
7.2 
7. 7 

1 
5 
9 

mean 

22.2 
27. 8 
23.9 
24. 6 

40 2 
6 
10 

mean 

10. 1 
12.5 
10. 7 
11. 1 

40. 5 
38. 3 
34.9 
37.9 

11.4 
9.5 
8. 3 
9.7 

60 3 
7 

1 1  
mean 

4 
8 
12 

mean 

5. 1 
6. 1 
5.0 
5.4 

3.6 
4.0 
3.3 
3. 6 

25. 7 
26,4 
25. 5 
25. 9 

29. 5 
25. 2 
26. 9 
27. 2 

20. 7 
23. 1 
19.9 
21.2 

54. 0 
38. 6 
54.5*** 
49.0 

19. 6 
11. 2 
11.8 
14. 2 

15. 7 
13. 7 
16. 0 
15. 1 

5. 6 
3.4 
7. 1*** 
5.4 

80 

LOXIRP- 1 171 36.81 8 25 1 
5 
9 

mean 

2 
6 
10 

mean 

10.4 
12. 2 
12.0 
11.5 

35.7 
43.9 
37. os** 
38.9 

10.7 
11.6 

10. 5 
9. l*** 

40 

60 

80 

25 

40 

3 
7 

11 
mean 

5.9 
5. 5 
6.4 
5.9 

26. 7 
30. 7 
25. 2 
27. 5 

20.4 
28.9 
22. 6 
24. 0 

15. 0 
14.9 
9.2 
13. 0 

4 
8 
12 

mean 

3.7 
3. 6 
3.2 
3.5 

17.2 
17. 0 
20.0 
18. 1 

LOXIRP- i 171 36.81 10 1 
5 
9 

mean 

2 
6 
10 

mean 

3 
7 

1 1  
mean 

--** 
33.2 
29. 8 
31. 5 

--** 
66. 1 
69.9 
68.0 

43.8 
41. 2 
33.9 
39.6 

30. 1 
41. 7 
34.3 
35.4 

25. 7 
35.9 
27. 2 
29. 6 

--** 
4. 7 
8.0 
6. 4 

12.0 
6.4 
5. 1 
7. 8 

11.3 
8. 8 
11.3 
10. 5 

12.0 
14. 6 
10. 7 
12.4 

6. 7 
9.2 
6.2 
7.4 

4.3 
4. 7 
3. 6 
4.2 

60 

80 4 
8 
12 

mean 

16. 9 
21. 7 
17. 7 
18.8 

* Gage damaged by test fragments. 
** Gage not operating properly. 

*** Gage damaged by test fragments, duration estimated. 
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Table 6. Empir ica l  Curve Fits. 

Data Set 

LOX/LH2, P r e s s u r e  = f ( A )  

LOX/ LH2, Impulse / W 1/3 = 

L O X / R P - ~ ,  Impulse/W ll3 = f ( X )  

N204/A-50, P r e s s u r e  = f ( A )  

N204/A-50, ~ m p u l s e / ~ ~ / ~  = f ( A  ) 

f ( X )  

LOX/RP-1, P r e s s u r e  = f ( A )  

c o effici enta 

A1 

6.403 -2.288 0. 150 

3 .  184 0. 134 -0.294 

6.029 -1.866 0.044 

3. 782 -1. 184 0.  132 

6. 073 -2.243 0. 146 

3. 738 -1. 147 0.069 

iverage  Percenl 
1 ie la t ive E r r o r s  

5 .2  

7. 5 

6 .4  

9. 6 

4 .9  

4 .4  

2 
Coefficients fo r  the equation y = A. t A l ,  I n  X t A 2 (  i n  A )  

Expressed  in  t e r m s  of the logarithmic 
impulse s cale  s . 

p r e s s u r e  o r  logarithmic 
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Table 7. Shock W a v e  Velocities and Rankine-Hugoniot P r e s s u r e s .  

Propel lant  

LOX/ LH2 

LOX/LH2 

LOX/LHZ 

Contact 
A r e a  
(ft2) 

25. 12 

25. 12 

56.23 

Test 
No. 

1 

2 

3 

P o s  

Gage 
No. 

1 
5 
9 

2 
6 

10 

3 
7 

11 

1 
5 
9 

2 
6 

10 

3 
7 

11 

1 
5 
9 

2 
6 

10 

3 
7 

11 

ion 
T o  

Gage 
No. 

2 
6 

10 

3 
7 

11 

4 
8 

12 

2 
6 

10 

3 
7 

11 

4 
8 

12 

2 
6 

10 

3 
7 

11 

4 
8 

12 

Average 
Velocity 
( f t  / sec) 

1, 546 
1,546 
1,492 

1,333 
1,365 
1,356 

1 ,266 
1,294 
1, 235 

1, 500 
1,538 
1, 508 

1,325 
1,360 
1,333 

1 ,258 
1,290 
1,266 

1,754 
1,775 
1,796 

1,449 
1,487 
1,460 

1,335 
1,384 
1,347 

Calculated 
Shock 

Overpressure  
(Psi)  

13. 6 
13. 6 
11. 6 

5 .7  
6. 9 
6. 5 

3 . 5  
4 . 4  
2 . 5  

11.9 
13. 3 
12.2 

5. 7 
6 . 9  
5.9 

3 . 5  
4 . 5  
3 .7  

22 .4  
23. 3 
24. 3 

10. 1 
11.5 
10.5 

6. 1 
7. 7 
6. 5 
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Table 7. (Continued). 

Propellant 

LOX/ LH2 

LOX/LH2 

LOX/ LH2 

N204/A-50 

Contact 
A r e a  
Ut2) 

56.23 

36.81 

36.81 

36.81 

Tes t  
No. 

4 

5 

6 

7 >k 

P o s  

Gage 
No. 

1 
5 
9 

2 
6 

10 

3 
7 

11 

1 
5 
9 

2 
6 

10 

3 
7 

11 

1 
5 
9 

2 
6 

10 

3 
7 

11 

.on 
To 

Gage 
No. 

2 
6 

10 

3 
7 

11 

4 
8 

12 

2 
6 

10 

3 
7 

11 

4 
8 

12 

2 
6 

10 

3 
7 

11 

4 
8 

12 

Average 
Velocity 
(ft / s ec) 

1,667 
1,695 
1,695 

1,444 
1,455 
1,429 

1,316 
1,351 
1,282 

1, 566 
1,596 
1, 563 

1,356 
1,375 
1 ,361  

1,290 
1,316 
1,278 

1,442 
1,485 
1,442 

1,312 
1,312 
1,278 

1,254 
1,274 
1,262 

Calculated 
Shock 

Overpressure  
(psi)  

18. 8 
20. 0 
20.0 

10.0 
10 .4  
9.4 

5. 5 
6. 7 
4 . 4  

14. 2 
15.4 
14. 1 

6. 5 
7.2 
6. 7 

4 . 4  
5 .2  
4 .0  

9 .8  
11.3 
9. 8 

5 .2  
5. 2 
4. 1 

3 . 4  
4. 0 
3. 6 

%\No data. 
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Propel lant  

N204/A -50 

LOXIRP- 1 

LOXIRP-1 

Contact 
A r e a  
Ut2) 

36.81 

36. 81 

36 .81  

Table 7. (Continued). 

T e s t  
No. 

9 

8 

10 

Position 
To 

Gage Gage 
No. No. 

1 
5 
9 

2 
6 

10 

3 
7 

11 

1 
5 
9 

2 
6 

10 

3 
7 

11 

1 
5 
9 

2 
6 

10 

3 
7 

11 

2 
6 

1 0  

3 
7 

11 

4 
8 

12 

2 
6 

10 

3 
7 

11 

4 
8 

12 

2 
6 

10 

3 
7 

11 

4 
8 

12 

Average 
Velocity 
( f t l  s ec) 

1, 613 
1, 630 
1, 613 

1,379 
1,418 
1,379 

1,294 
1,329 
1,286 

1,648 
1,676 
1, 630 

19 394 
1,399 
1,429 

1,299 
1,299 
1,270 

2 , 0 0 0  
1, 863 
1,775 

1,460 
1,460 
1,455 

1,316 
1,342 
1 ,311 

Calculated 
Shock 

Ove r p re s s u r  e 
(psi)  

16. 0 
16. 7 
16. 0 

7 .2  
8. 6 
7 . 2  

4 . 4  
5.6 
4 . 2  

19. 2 
20.4 
18.4 

9. 1 
9.3 

10.4 

5. 7 
5 .7  
4 . 8  

34.0 
27. 3 
23.3 

10.4 
10.4 
10.3 

5 .4  
6.3 
5 . 2  
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Figure  11. Peak  Overpressure  vs Scaled Distance fo r  T N T  Calibration Tests .  
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Figure  12. Posit ive Impulse vs Scaled Distance for 
TNT Calibration Tests .  
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Figure  14. Peak Overp res su re  vs Distance for LOX/LH2 (b). 
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Figure  16. Peak Overp ressu re  vs Distance for LOX/RP-1. 
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4. 6. 2 Shock Wave Pu lse  Charac te r i s t i cs  

Examination of the positive p r e s su re  pulse records  indicates that the 
p r e s s u r e  time charac te r i s t i cs  of the blast  waves we re  closely al l ied to  
those of conventional explosives in initial overpressure  r i s e  time, 
decay rate,and positive duration fo r  all of the propellant t e s t s .  

4.  6. 3 Cryogenic Propellant  Initiation 

The p rog ram plan provided for  the  evaluation of the LOX/LH2 initiation 
delay a f te r  shattering of the dewars.  Previous  studies with LOX/RP-1 
(Reference 9 )  indicated spontaneous initiation f r o m  an  undetermined 
st imulus when similar dewar pan assembl ies  impacted a s tee l  plate. 
The same spontaneous initiation phenomenon was observed during this  
program,  thus providing a reproducible type of mixing for  the types of 
propellants involved. The source  of the initiation st imuli  is  not known, 
but possible causes  fo r  the spontaneous initiation are:  (1) shock- impact-  
caused implosion of the glass  dewars,  (2 )  the compress ion of the pro-  
pellant mate r ia l  between the g l a s s  f ragments  and the pan wall o r  other 
f ragments ,  (3) chemical  reaction f r o m  the s i lvered glass dewar, o r  
(4) a combination of all th ree  possible sources .  

4. 6 . 4  F i reba l l  History 

The resu l t s  of the initial f i rebal l  expansion, s ize ,  and duration measure-  
ments  a r e  presented in  F igures  23 through 31 and a r e  l i s ted  in  Table 4. A 
random variation was observed in  the f i rebal l  s ize  and duration fo r  the 
th ree  propellant combinations. 
f r o m  64 to  91 f t  and the maximum heights ranged f r o m  38. 5 to 73 f t .  The 
durations var ied f r o m  1. 28 to 2.45 sec .  Examination of the 150 lb  
LOX/LH2 t e s t  r esu l t s  and the LOX/RP-1 tes t  r esu l t s  indicated a co r r e l a-  
tion between the f i rebal l  duration and blast yield f o r  duplicate t es t  
conditions; i. e .  , the longer the duration, the lower the air blast yield. 
F o r  the LOX/LH2 tes ts ,  a f i rebal l  duration of 1 .90 s ec  was observed fo r  
a TNT blast  equivalence of 0. 8 l b  of TNT per  l b  of propellant (Tes t  5) 
while a f i rebal l  duration of 2.45 s ec  was  cbserved for  a TNT blast 
equivalence of 0. 5 l b  of TNT per  l b  of propellant (Tes t  6). The LOX/ 
RP- 1  t e s t  indicated a duration of 1.80 sec  and a blast  yield of 0 . 6  l b  of 
TNT per  l b  of propellant f o r  Tes t  8 compared to a duration of 1. 35 sec  
and a blast  yield of 0. 8 l b  of TNT pe r  l b  of propellant for  Tes t  10. A 
similar relat ionship was observed for  the 225 l b  LOX/LH2 propellant 
t e s t s  although the relat ionship was  not as pronounced. 
the 100 lb  LOX/LH2 t e s t s  indicated equal blast yields with a slightly 
longer duration fo r  Tes t  1 than fo r  Tes t  2. 

The maximum f i rebal l  d iameters  var ied  

Examination of 

(Text continued on page 81) 
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Pre l iminary  comparison of the init ial  LOX/LH2 f i rebal l  growth rate 
data summar ized  i n  F igure  32 indicated that the grea te r  the  contact 
a r e a ,  the f a s t e r  the f i rebal l  propagation rate, except for  the f i rebal l  
height measurements  fo r  Tes t  6 which was side- initiated ins tead of 
bottom-initiated as in other t e s t s .  The curves  shown i n  F igure  32 were  
plotted f r o m  the means  of the c a m e r a  data shown in  F igures  23 through 
28. 
scaling law indicated that  the scaled f i rebal l  propagation rate tends to  
be a constant value. Resul ts  of the scaling law analysis are shown i n  
F igure  33 i n  the f o r m  of s ize  (diameter  and height)/weight (1 /3 )  vs 
t ime. It is apparent f r o m  the scaling curve (F igure  33) that  the 
variation of propellant quantities does not appreciably change the growth 
rate f o r  the specified t e s t  conditions of a constant ra t io  of the contact 
a r e a  to the propellant weight. 

Fu r the r  analysis of the growth r a t e  data by applying the cube root 

Evaluation of the reduced f i rebal l  s ize  data (F igure  33) for  the LOX/LH2 
t e s t s  inidcated a growth r a t e  of 0.92 f t / m s e c  per  l b1 l3  of propellant 
during the f i r s t  5 msec  of diameter  growth, 0. 51 f t / m s e c  per  l b 1 / 3  of 
propellant during the second 5 msec,and appoximately 0. 31 and 
0. 18 f t / m s e c  pe r  l b1 l3  of propellant for  the th i rd  and fourth 5-msec 
periods.  
growth r a t e s  of approximately 0.46, 0. 28, 0. 20, and 0. 14 f t / m s e c  per  
l b 1 l 3  of propellant for  the f i r s t ,  second, third,  and fourth 5-msec growth 
periods.  No definite initial f i rebal l  growth r a t e  analysis was made fo r  
the LOX/RP-1 and N2o4/’A-50 t e s t s  due to l imited amount of data 
available. 

Similar  analysis of the LOX/LHZ f i rebal l  height data indicated 

Observation of the initial f i rebal l  s ize  data indicated the f i rebal l  diameter 
measurements  were  consistently l a r g e r  than the f i rebal l  height measu re-  
ments.  This phenomenon was attr ibuted to  the configuration of the dewar 
pans; i. e . ,  the pan had a grea te r  width (24 to  44 in. ) than height (16 in.). 

A typical LOX/LH2 propellant f i rebal l  sequence is shown in F igure  34. 
Examination of the sequence will show the growth of the hemispher ical  
f i rebal l  which eventually r i s e s  f r o m  the ground before terminating.  

(Text continued on page 86) 
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4.6.  5 Blast Results  

Examination of the peak overpressure  data for  the LOX/LH2 tes t s  
(Table 5, F igures  13, 14, and 15) indicated TNT equivalences which 
ranged f r o m  0. 18 l b  to 0. 5 lb  of TNT per l b  of propellant a t  the 
25-ft gage stations to 0. 3 l b  to 0. 8 lb  of TNT per  l b  of propellant a t  the 
80-ft gage stations. The positive impulse data for  the same propellants 
(F igures  18, 19, and 20) indicated TNT equivalences which ranged f r o m  
a low of 0. 35 lb to a high of 0. 8 l b  of TNT per  l b  of propellant a t  the 
25-ft gage stations to 0. 5 lb  to 1. 0 of TNT per  lb  of propellant at the 40, 
60, and 80 ft stations. A s  indicated previously in  this repor t ,  all 
LOX/LH2 propellant tests utilized a 1:4 contact a r e a  to propellant 
weight rat io.  
in the contact a r e a  with the s a m e  total  propellant weight yielded c o r-  
respondingly lower TNT equivalences. Therefore,  the equivalences 
indicated apply only to the specific t es t  conditions involved in this  s e r i e s  
of t es t s .  

Previous studies (Reference 9) indicated that a dec rease  

Direct  comparison of the t e s t  data for  the LOX/LH2 propellant combina- 
tions was impeded by the variation in total  weight of propellants involved 
in each tes t .  
ove rp ressure  and impulse data were  modified with the cube root scaling 
law by dividing both se t s  of data by the cube root of the propellant weight. 
Results of these computations a r e  plotted in  Figures  35 and 36 on a peak 
overpressure  vs reduced distance, X (f t /W1j3),  o r  range, bas is  for  the 
overpressure  data and a reduced impulse (I /W1l3) vs  range bas is  f G r  the 
impulse data. These two curves i l lus t ra te  the change in  LOX/LH2 pro-  
pellant TNT equivalences in relationship to distance f r o m  the t e s t  event. 
The overpressure  equivalences (F igure  35) increased as the range, X , 
increased to a value of 0.9 lb of TNT p e r  lb  of propellant at a range value 
of 20. The im- 
pulse equivalence for  the LOX/LHz grogellant t e s t s  increased f r o m  small 
values of the range to a maximum of 0.90 lb of TNT per  lb of propellant a t  
a range of 9 to  10 and then decreased  with fu r the r  inc reases  in X .  

To clarify the analysis  of the t e s t  r esu l t s ,  both the peak 

The impulse data (Figure  36) indicated different resul ts .  

Comparison of the composite overpressure  curves  for  the th ree  propellants 
a t  the 80-ft gage stations indicated TNT equivalences of 0. 6 to 0. 8 lb of 
TNT per  lb  of propellant fo r  LOX/RP-1 propellant, 0 .42 l b  of TNT per 
lb  of propellant for  N204/A-50 propellant and 0 .6  to 0. 8 lb  of TNT per lb  
of propellant f o r  the LOX/LH2 tests. A s imi la r  comparison of the 
impulse data indicated equivalences of 0. 8 to 1.05 lb of TNT per  lb 
of propellant for  LOX/RP-1 tes t s ,  0 .8 to 0. 9 lb of TNT per lb of 
propellant f o r  the LOX/LHz tes t s ,  and 0. 52 lb of TNT per  lb 
pellant fo r  the N204/A-50 t e s t s .  
equivalences as stated above a r e  for  contact a r e a  to  propellant weight ra t ios  
of 1:4. 54 and 1:6.25 for  the LOX/RP-1 and N204/A-50 propellants 
r e  s p e ct ive ly . 

of pro-  
Both the TNT overpressure  and impulse 
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Figure  36. Posit ive Impulse vs  Scaled Distance for Liquid Oxygen/ 
Liquid Hydrogen. 
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Analysis of the second 150 l b  LOX/LH2 (Test  6) t es t  data indicated low 
blast yields fo r  both the overpressure  and impulse measurements .  
Examination of the t es t  r ecords  indicated the dewars  we re  shat tered by 
a safety destruction charge  placed on the  side of the dewar pan. 
charge  was  programed to fire 0. 1 s ec  a f te r  the explosive charge  on the 
pan bottom in ca se  of a malfunction in the p r imary  f i r ing system. Data 
f r o m  this  t e s t  was  not used in the compilation of the LOX/LH2 composite 
curves  due to  the questionable contact area and mixing process  of the two 
propellants. 

This  

A s imi la r  cube root law analysis  was  applied to the LOX/RP-1 and 
N204/A-50 data; i, e . ,  the data was reduced to  a one l b  equivalent bas is  
fo r  d i rect  comparison of the overpressure  and impulse measurements  
with the LOX/LHz measurements .  
shown in F igures  37 and 38. 

Results  of these  compilations a r e  

Least- squares analysis  of the t es t  r esu l t s  indicated the LOX/LH,, 
LOX/RP-1 and N204/A-50 curves  shown in  
best  represented by an equation of the type, 

2 y = A t A In X t A (1nX) 
0 1 2 

F igures  35 through 3"s were  

where  

1 / 3  y = peak overpressure  o r  impulse/W 

X = d i s t a n c e m  1 / 3  

Results  of the computations for  each propellant type and condition a r e  
shown in Table 6 f o r  the t h r ee  equation coefficientsAo, A1, and A2. 
measu re  of the relat ive accuracy  of the equations is included in Table 6 
a s  the average percent  e r r o r  in terms of the logar i thmic  p r e s s u r e  o r  
logar i thmic  impulse scales .  U s e  of the empir ica l  equations o r  the 
composite curves  (F igures  35 through 38) fo r  small ( < l o 0  lb )  o r  l a rge  
(>230 lb)  quantities of propellants should be applied with caution and 
consideration fo r  the quantities and contact area of the propellants 
involved. 

A 

The resu l t s  of the shock wave velocity measurements  and the calculated 
overpressure  a r e  presented in Table 7. The calculated shock p r e s s u r e s  
a r e  slightly higher than the measured  shock p r e s s u r e s  because the 
calculated shock velocities a r e  average determinations over a known 
distance and the shock wave velocity does not attenuate a t  a l inear  
ra te ,  but ra ther  a t  some exponential function depending on the distance 
f r o m  the event. 

The meteorological conditions fo r  the various t e s t  conditions a r e  shown 
in  Table 8. 
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Figure  38.  Posit ive Impulse vs Scaled Distance for 
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5. CONCLUSIONS 

Rased on the  resu l t s  of the experimental  s tudies conducted on th is  pro-  
g r a m  the following conclusions a r e  made. 

5 .1  BLAST YIELD 

A comparison of the explosive yields of the t h r ee  propellants on an  
overpressure  basis  utilizing the TNT calibrat ion data (F igure  11) as 
reference indicated TNT equivalences of 0. 6 to  0. 8 l b  of TNT per l b  of 
propellant f o r  LOX/LH2 propellant, 0 .42 l b  of TNT per  l b  of N20q/A-50 
propellant and 0 .6  to  0. 8 l b  of TNT per  l b  of LOX/RP-1 propellant. A 
similar comparison of the propellants on an impulse bas i s  utilizing the 
TNT calibrat ion data (F igure  12)  as reference indicated 0. 8 to 0. 9 l b  of 
TNT per  lb  of LOX/LH2 propellant, 0. 8 t o  1. 05 l b  of TNT per  l b  of 
LOX/RP-1 propellant and 0. 52 lb  of TNT per  l b  of N204/A-50 propellant. 

The explosive yield of both the cryogenic and hypergolic propellants 
var ied  with distance f r o m  the event. The variation was at tr ibuted t o  the 
basic charac te r i s t i c  of the shock wave produced by the propellants. 
The overpressure  TNT -equivalences fo r  the t h r ee  types of propellant 
inc reased  with increased distance f r o m  the propellant reaction within 
the l imi t s  of the program.  
LOX/LH2 increased  with inc reased  distance f r o m  the event to a distance 
of approximately 60 f t .  
dec reased  with fu r ther  i nc r ea se s  in distance within the limits of the t es t  
data. 
with inc reased  distance f r o m  the t e s t  f ixture within the l imi t s  of the 
measurements .  
not affected by the weight of propellant 
at a mixture  rat io of 5: 1. 

The impulse TNT-equivalences fo r  the 

Beyond this  distance the impulse TNT -equivalences 

The LOX/RP-1 and N2O4/A-50 impulse TNT-equivalences inc reased  

The TNT -equivalences of the LOX/LH2 propellant we re  
within the range of 100 to  225 lb  

5 . 2  FIREBALL SIZE AND DURATION 

The f i rebal ls  produced by the t h r ee  propellants indicated a corre la t ion 
between the f ireball  duration and blast yield fok  most  t es t s .  Analysis 
indicated the longer the f i rebal l  duration the lower the air blast  yield. 

The maximum f i rebal l  d iameter  fo r  the various weight samples var ied  
f r o m  64 to  91 f t  and the maximum height ranged f r o m  38. 5 to 73 ft .  
f i rebal l  durations var ied f r o m  1. 28 to 2 .45 sec .  

The 
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A s imi la r  initial f ireball  growth ra te  was observed for  LOX/LHz pro-  
pellant on a per  lb1 /3  of propellant bas is  for  the various t es t  conditions. 
Analysis of the initial f ireball  growth r a t e  on a total propellant weight 
basis  indicated the l a r g e r  the quantity of propellant, the greater  the initial 
growth r a t e  for  a constant ra t io  of contact a r e a  to propellant weight. 
Initial growth r a t e s  of 0. 92 and 0.46 f t / m s e c  per  l b l / 3  of propellant were  
observed f o r  the f i rebal l  diameter  and height. The f i rebal l  growth rate,  
was observed to attenuate to a growth r a t e  of 0. 18 and 0. 14 f t / m s e c  per  
1b1l3 of propellant fo r  the diameter  and height, respectively, a f te r  
approximately 15 msec: Observation of the f i rebal l  s ize  vs t ime data 
indicated that the major i ty  of the growth occur red  within 20 msec  a f te r  
the initiation of the propellant react ions.  

The f i rebal l  diameter  and height were  influenced by the dewar pan con- 
figuration; i. e . ,  the flat pan (height = 16 in . ,  width = 24 to 44 in. ) 
produced a fireball  with a g rea te r  diarneter than width by a factor  of 
approximately 2 to 1. 

Examination of the f i rebal l  film data indicated that the initial f ragment  
velocity was l e s s  than the initial shock wave velocity and initial growth 
r a t e  of the propellant f ireballs .  In all cases  the pan and the controlled 
fragments  appeared and t raveled  beyond the edge of the f i rebal l  some 
t ime af ter  the init ial  f i rebal l  growth period. 
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APPENDIX A 

BALLISTIC RESEARCH LABORATORY BLAST MEASUREMENTS 

A- 1. INTRODUCTION 

The program objectives required a redundant method of measur ing peak 
overpressure ,  positive impulse,  and p r e s s u r e  pulse duration. The 
Ballistic Research  Laborator ies  (BRL) have developed and used a self- 
contained mechanical p ressure- t ime  gage for obtaining blast measure-  
ments f r o m  explosive t e s t s .  
piezoelectr ic gages used elsewhere on the p rogram and permit ted  a 
cross- check of the p ressure- measur ing  instrumentation. 

This gage provided a contrast  to the 

The Ballistic Research  Laborator ies  provided eight gages for  the duration 
of the t es t  program.  

A-2. GAGE DESCRIPTION 

The BRL gage contains a single diaphragm sensor  that sc ra tch- records  
on a negator- spring motor recorder  in response  to the p r e s s u r e  
phenomena. 
mounting ring. 
by epoxy 
through anol ive  jewel bearing fixed to the top section of the mounting 
ring. 
osmium-tipped 1/32-in.-long stylus, is  soldered in the tubing. 
O-ring s e rves  a s  a p r e s s u r e  seal ,  and two alignment pins facil i tate a 
mounting in the gage. 
changeable, covering a p r e s s u r e  spec t rum of 9 to 1000 psi  in 15 p r e s s u r e  
ranges.  

Sensors  are fabricated of NiSpan C and a r e  welded into a 
A section of thin-wall s ta inless  s teel  tubing is bonded, 

to the center  of the diaphragm; the f r e e  end of the tube passing 

A flat 5/16-in.-long section of phosphor bronze, containing an 
An 

Sensors  a r e  1-5/16-in. in  d iameter  and a r e  in ter-  

A sensor  is shown in F igure  A-1. 

The general  charac te r i s t i cs  of the p r e s s u r e  s enso r s  a r e  presented in 
Table A-1. 
i s  l e s s  than 1% and the nonlinearity is l e s s  than 5%. 
frequency ranges f r o m  1 to  7000 cps.  
orif ice plate mounted in the face plate of the gage. 
0 . 3  to 0. 5 msec  have been achieved in shocktube and field- test  programs.  

Average deflection a t  r a ted  p r e s s u r e  is 0. 020 in . ,  hys te res i s  
The natura l  

Damping is accomplished by an  
Rise  t imes  of f r o m  
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Sensor 
Ranges 

(psi) 

0-1 

0 -2 

0-5 

0-10 

0-25 

0-50 

0-100 

0-200 

0 -400 

0-600 

0-1000 

0-  10 
(Negative) 

0-0.50 

0-0.125 

0-0.030 

Table A-1. Sensor Statistics, 

Sensor 
Natural Frequency 

(CPS) 

820 

1085 

1570 

1895 

2726 

2 995 

3615 

435 1 

5105 

5955 

6990 

1915 

43 0 

250 

250 

Sensor Characterist ics 
Deflection of Nonlinearity 

Rated P r e s s u r e  Hysteresis (T erminal- 
(mils) (70) Based) 

15-30 0.70 1, 60 

19,60 0. 87 1. 68 

20.20 0.00 1, 60 

26.80 0. 67 2.69 

23.90 0.20 0.70 

24-20 0. 30 2,40 

28-60 0.35 0, 87 

31.35 0, 73 3.57 

23.17 0. 86 3.75 

20.82 0. 62 2, 16 

20.10 0.59 0.45 

25.70 

18.15 

17.40 

18.20 

0.20 0. 70 

0.55 1.70 

0. 60 4. 90 

1-10 4,20 
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The method of using a negator spr ing as both the dr ive  motor  and r eco rde r  
was devised and patented by BRL. 
inherent  charac te r i s t i c  of providing a constant torque output during i t s  
ent i re  running cycle.  It  consis ts  basically of a supply o r  output drum,  a 
recording drum,  a s torage drum, and a balanced fr ict ional  governor. 
The s torage d rum with the spr ing f ree ly  instal led on i t  i s  mounted fo r  
f r e e  rotation about its fixed axis. 
extended to pass  over the recording d r u m  and anchored to the output 
drum, the spr ing is r e v e r s e  wound onto the output drum.  Release  of the 
output d r u m  (the l a r g e r  of the d rums)  at any degree  of windup allows the 
mate r ia l  to r eve r t  to its natura l  p r e s t r e s sed  curvature  by returning to  the 
sma l l e r  s torage d rum.  
provided by the governor through a gear  coupling to the output drum.  
Speeds of 0. 5 to 3 ips can  be obtained by adjusting the governor. 
a r e  fabr icated of s ta inless  s teel  in 5/16-in. widths and in lengths of 30 
to 60 in. 
gri t ,  prepar ing it  for  the sc ra tch  recording. 

The negator spr ing motor  has  the 

With the outer  end of the f lat  spr ing 

Speed control of the spring to within 10% is 

Springs 

The recording surface  of the spr ing is vapor honed with a fine 

Arming, initiation, and shutoff are provided for  in the gage sy s t em by 
associa ted gearing and switches. Two methods, ei ther a solenoid with 
a balanced a rma tu re  o r  an  explosive piston actuator,  are used for  
initiating the gage; both sys tems  being t r iggered  by a re lay  c losure .  
solenoid o r  the actuator r e l ea se s  a spring-loaded t r igger  a rm that rapidly 
s e rves  to bring the motor up to a constant speed. The s tar tup t ime  fo r  
the solenoid sys tem is 18. 8 msec ,  while the s tar tup t ime for  the explo- 
sive actuator sy s t em is 9 . 4  msec .  A s tar tup t ime  of 4 . 4  msec  can  be 
achieved by using an explosive actuator as the sole means  of initiation 
and by bringing the motor up to speed rapidly. 

The 

Th ree  t r a c e s  a r e  recorded  on the surface  of the spr ing as i t  passes  over 
the recording drum.  
squarewave timing t race ,  and the fixed reference t race .  Timing i s  
applied by solenoid-operated sc r ibes  in s e r i e s  with a 50-cps e lect ro-  
mechanical osci l la tor .  
bat tery  mounted in  the base  of the gage canis ter .  

These  a r e  the active p r e s s u r e  t r ace ,  the 50-cps 

It operates  f r o m  12  v supplied by a nickel-cadmium 

Mounting of the motor- recorder ,  sensor ,  t iming sc r ibes ,  and r e l ea se  
mechanism is made to a face  plate 4. 75 in. in diameter  x 1. 2 in. thick. 
A flange of matching dimensions is welded to a 3 -  1 /&in.  -diameter  x 
4-in. -long aluminum can is te r .  The timing oscil lator ,  with the initiation 
relay,  battery,  and condenser,  i s  mounted on a removable section a t  the 
base  of the canis ter .  
of the gage a r e  achieved by matching sections of a Cannon connector. 
The initiation cable en te r s  the gage through a Microdot cable gr ip  a t  the 
base  of the gage. 
p r e s s u r e  seals  when instal led in  the canis ter .  
with the  ground surface .  

E lec t r i ca l  connections between the removable halves 

O-rings at the top and a t  the base  of the gage provide 

F igures  A-2 to  A-4 i l lus t ra te  the gage. 
The gage is mounted f lush 
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F igure  A-4. Assembled Gage. 
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The deflection t ime t r a c e s  recorded on the negator spring a r e  converted 
to r e d  points with the a id  of a specially equipped reading microsqope. 
Telecomputing digital readout heads, mounted on the reading equipment 
for  x and y measurements ,  furnish  input to Telecordex accumulators  
whose output is recorded by a n  automatic typewriter  and a paper- tape 
punch sys tem.  

These  data, together with the calibrat ion data, a r e  fed into an auto- 
matic computer  fo r  obtaining final p ressure- t ime  information. 
automatic plotter plots the final information. 

An 

A-3. GAGE POSITION 

The original p rogram plan provided fo r  locating the BRL gages directly 
underneath the piezoelectr ic gage positions and for  flush mounting with 
the ground. However, the blast shock wave charac te r i s t i cs  necess i ta ted  
locating the gages a t  s tat ions commensurate  with sensor  response  charac-  
t e r i s t i cs .  
10-11-12. 
rows  at a distance of 98 f t  f rom the test fixture. 

Two gage rows w e r e  established at gage positions 2-3-4 and 
Gage stat ions 13  and 14 w e r e  established on the ends of the  

A-4. TEST RESULTS 

The resu l t s  of the blast measurements  a r e  presented in  Tables A-2 and 
A-3. No data was obtained for  Tes t  7 due to the initiation of the 
hypergolic propellants during the loading operation and for  Tes t  9 due 
to  pre t r igger ing of the gages before the event while checking out other 
instrumentation. 
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Table A-2. LOX/LH T e s t  Resul t s .  2 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  Overpressure  Impulse 
(ft2) No. (ft) .No. (msec) (ps i )  (ps i-msec)  

25. 1 2  1 40 10 0. 58 
1. 06 
1 .43  
1 . 7 5  
2. 28 
3.39 
3 .91  
4 .11  
4 .  82 
5. 35 
6. 87 
7. 69 
8. 14 
8. 48 
8. 78 

11. 15 
13. 16 
14. 21 
17. 69 
20. 58 
21. 89 
25. 14 
29. 33 

2 No Data 

60 3 0. 15 
0. 24 
0. 58 
0. 87 
1 . 2 1  
1 . 5 4  
2. 20 
2. 81 
3.02 
3. 31 
3. 63 

0 .97  
0. 89 
2. 25 
5. 51 
5. 23 
4. 83 
4 . 3 3  
4.  67 
3 .22  
3. 83 
3. 78 
3. 33 
1 . 9 4  
1 . 9 4  
1 .47  
0. 83 
0 .44  
0. 31 
0. 31 
0. 31 
0 .  17 
0. 06 
0 . 0 0  

6 .40  
4 . 8 5  
3 .01  
3. 69 
3 .53  
3. 18 
3. 03 
2. 88 
2. 55 
2. 88 
2. 08 

0. 29 
0 .73  
1. 30 
2. 58 
5 .43  

10 .97  
13.36 
14 .28  
17 .06  
18 .93  
24 .74  
27. 63 
28. 83 
29.49 
30.00 
32 .73  
34.01 
34.41 
35.47 
36. 35 
36 .66  
37 .02  
37. 14 

0. 51 
1 .00  
2. 35 
3. 29 
4. 53 
5. 66 
7. 71 
9. 50 

10.07 
10.86 
11.65 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  Overpressure  
(ft2) No. tft) No. (msec) (ps i )  

P 

4.11 2 .12  
4. 35 1. 84 
4 .74  1. 82 
5. 60 1. 76 
5. 77 1 . 5 5  
6. 03 1. 66 
6. 29 1. 32 
6. 59 1. 19 
7. 65 1. 13 
9. 09 1. 04 

10. 07 0.77 
10.70 0 .49  
11 .91  0. 31 
12.99 0. 25 
13 .80  0.10 
14.44 0. 00 

11 0. 39 5. 64 
0 .43  4 .94  
0. 59 4.65 
0. 64 4 .02  
1. 16  3 .94  
1. 67 3. 96 
2. 03 3 .86  
2.45 3 .82  
3. 07 3. 52 
3.45 3. 26 
3 .79  3. 29 
4. 03 3. 04 
4 .20  3.10 
4 . 5 5  2.67 
5. 94 2. 61 
6. 35 2. 85  
6. 64 2. 64 
7 .00  2. 81 
7 . 7 3  2. 71 
8. 62 2 .35  
8. 91 2 .44  
9. 80 1. 90 

11.71 1. 50 

Implus e 
(ps i- msec)  

12 .66  
13. 14 
13.84 
15. 39 
15.67 
16. 09 
16 .47  
16 .85  
18.08 
19.64 
20.53 
20.93 
21.41 
21. 72 
21.86 
21.90 

1 .12  
1 .34  
2. 09 
2. 31 
4. 39 
6. 40 
7.79 
9 .43  

11.68 
12 .99  
14. 08 
14.84 
15.38 
16.37 
20.06 
21. 17 
21- 97 
22.97 
24.98 
27. 22 
27.92 
29.86 
33.11 
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Table A-2. (Continued) 

Contact Gage Distance 
Area  T e s t  f r o m  Event Gage T ime  

No. (f t  1 No. (msec )  
-,' 

Ut2) - 

80 

98 

12 .96  
14. 18 
15. 11 
16 .95  
21.02 
26.90 

4 No data 
12 0. 66 

1. 04 
1. 51 
2. 28 
2. 91  
3.49 
3. 82 
4 . 1 1  
5. 31 
6. 50 
7 . 4 4  
9 .02  

10.37 
11. 52 
13.63 
15.30 
16 .65  

13 No data 
14 0. 46 

0.96 
1. 41 
2. 31 
3.02 
3.40 
4. 24 
4. 85  
5.40 
5. 88 
6.41 
8. 03 

Overpressure  
(psi) 

Impul s e 
(ps i- msec)  

1. 18 
0. 81 
0. 63 
0.37 
0 . 1 2  
0 . 0 0  

3. 71 
2.37 
2. 40 
2. 20 
2 .01  
1 . 9 3  
1 . 9 9  
1.71 
1 .57  
1. 30 
0.97 
0 . 7 3  
0. 48 
0. 26 
0.11 
0.02 
0 .00  

1. 83 
2. 31 
1 .91  
1. 87 
1. 78 
1 . 7 3  
1. 70 
1 .57  
1. 56 
1.46 
1. 27 
1. 18 

34.78 
36.00 
36.66 
37.57 
38. 55 
38.89 

1. 23 
2. 38 
3. 51 
5. 28 
6. 61 
7 .75  
8. 39 
8. 93 

10.91 
12 .61  
13.68 
15 .02  
15.84 
16. 27 
16 .65  
16.75 
16.76 

0. 42 
1 .45  
2.42 
4 .10  
5. 40 
6. 08 
7. 51 
8. 50 
9.37 

10. 09 
10.81 
12.80 
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Table A-2. (Continued) 

25. 12 2 40 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  

(ft2) No, (ft) No. (msec) 

9 .48  
11 .72  
12.40 
13. 39 
13.69 
16 .48  
17. 35 
19.40 
19.97 
21.30 
21. 50 
23.01 

2 0. 42 
0. 76 
1. 19 
1. 70 
2.12 
2. 36 
2. 70 
2. 98 
3.35 
3.64 
4. 00 
4. 42 
5 .63  
7 .  32 
8. 60 

10.85 
12.90 
13.96 

* 

Overpressure  
(psi) 

Impulse 
(psi-msec) 

0. 98 
0. 90 
0. 60 
0. 58 
0.47 
0. 38 
0 .22  
0 .22  
0 .43  
0 .43  
0.47 
0 .00  
7. 62 
4. 62 
4 . 3 5  
3. 91  
3.37 
2. 90 
3. 30 
2. 8 2  
3. 62 
2. 55 
3.10 
2. 31 
1. 8 2  
1 .54  
1 .20  
0. 76 
0. 32 
0 . 0 0  

14. 36 
16.47 
16. 98 
17.56 
17.72 
18.90 
19.16 
19.60 
19.79 
20. 36 
20 .45  
20.80 

1. 62 
3. 72 
5. 63 
7 .73  
9. 28 

10.03 
11.07 
11 .92  
13.11 
14.02 
15.04 
16. 17 
18.67 
21. 50 
23. 26 
25.47 
26. 56 
26.73 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  Overpressure  
Ut2) No. (ft 1 No. (msec) (ps i )  

10 0. 56 4 .69  
0. 87 4,  57 
1. 09 4. 78 
1. 78 4. 58 
3 .11  4 .53  
4. 32 4 .49  
4. 76 4 . 1 2  
6. 70 4. 60 
7 .66  3.99 
8 .41  3. 98 
9 .42  2.45 

11 .55  1. 65 
13.81 1 . 4 4  
15.68 1. 19 
19. 17 1.00 
22. 38 0. 72 
26.79 0. 29 
31.88 0 .10  
35.23 0 . 0 0  

3 0.20 10.36 
0.33 0. 69 
0. 70 5.99 
d. 80 6. 72 
1 .12  6. 30 
1. 60 5. 89 
2. 27 0. 86 
2. 60 4. 88 
3. 25 4. 52 
3. 72 3 .88  
4. 17 0. 08 
4. 52 3.53 
4. 83 2 .34  
5. 16 3.10 
5.40 2. 51 
6. 34 1 .99  
6. 83 1. 89 
7. 23 1. 51 

60 

Impulse 
(ps i- msec)  

1. 32 
2 .74  
3. 80 
7 .01  

13. 07 
18. 51 
20.41 
28.90 
32.99 
36.01 
39. 24 
43.60 
47. 08 
49 .54  
53.35 
56. 11 
58.34 
59.33 
59. 50 

1. 05 
1. 78 
3 .01  
3. 68 
5.74 
8. 64 

10.93 
11.86 
14.92 
16.88 
17.77 
18.40 
19. 31 
20.22 
20.89 
23.00 
23.96 
24.63 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  Overpressure  Impul s e 
Ut2) No. (ft 1 No. (msec) (Psi)  (ps i- msec)  - 

8 . 4 8  
8. 86 

10 .37  
11. 16 
11 .96  
12.74 
13. 57 

11 0 .45  
1. 63 
3. 58 
5. 27 
6. 42 
8. 57 

10.26 
12.17 
14.86 
18.44 
22.59 
25. 13 
30.71 
38.41 
44.63 
49.80 

12 0 .43  
0. 77 
1. 14 
1 .39  
1. 51 
2. 03 
2. 56 
2.97 
3. 28 
4. 08 
4 .21  
4. 59 
5. 86 

4 No data 

1 .39  
0.99 
0 . 7 5  
0 .53  
0. 14 
0 . 0 1  
0 . 0 0  
4. 28 
4. 25 
3 .93  
3. 62 
3. 28 
2. 78 
2. 24  
1.77 
1 . 3 4  
0. 91 
0. 70 
0.48 
0.21 
0. 13 
0. 06 
0 .00 

4. 36 
2 .11  
2. 89 
2. 63 
2 .45  
2.43 
2.32 
2. 54 
2, 30 
1. 87 
2. 08 
1. 72 
1. 6 2  

26.45 
26.91 
28. 22 
28 .73  
29.00 
29.06 
29. 07 

0.97 
6. 01 

13. 98 
20. 31 
24. 32 
30.82 
35. 07 
38.91 
43. 09 
47.11 
50.47 
51.97 
53.90 
55. 23 
55.83 
55.98 

80 
0.95 
2. 06 
2.99 
3. 66 
3. 96 
5. 24 
6.49 
7. 50 
8. 25 
9. 91 

10. 18 
10.88 
13.01 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  Overpressure  Impulse 

No. (ft) No. (msec) (Psi)  (ps i-msec)  - Ut2) 

56. 23 

98 

3 40 

8. 06 
9. 98 

10.86 
12.27 
16. 14 

13 No data 
14 0 .48  

0 .93  
1. 63 
2. 59 
3. 51 
3. 98 
4. 67 
6. 08 
8. 21 
8. 88 
9 .66  

11 .49  
12. 14 
13.89 
14. 53 
16.62 
17. 31 
19.40 
19.95 
21.75 
22.70 

10 0. 60 
0. 82 
0. 92 
1.44 
2. 70 
3.33 
3. 85 
4. 13 
4. 54 
4. 84 

2 No data 

0. 91 
0. 59 
0.34 
0. 17 
0 . 0 0  

1. 90 
2.33 
2. 06 
2 .00  
1. 81 
1. 68 
1. 51 
1. 23 
1 .06  
1. 04 
0. 83 
0. 76 
0. 52 
0. 52 
0. 60 
0. 55 
0.34 
0. 27 
0. 52 
0.49 
0 . 0 0  

20. 18 
13.00 
9. 64 
8. 93 
6. 85 
7 .20  
5. 59 
6. 10 
4. 09 
5. 71 

15. 79 
17. 24 
17.65 
18. 01 
18. 34 

0.46 
1. 41 
2 .94  
4. 90 
6. 64 
7. 46 
8. 58 

10. 51 
12 .94  
13 .65  
14.38 
15.84 
16. 26 
17. 17 
17. 53 
18.74 
19 .04  
19.67 
19.89 
20.80 
21.03 

6. 06 
9.79 

10 .88  
15.76 
25.65 
30.09 
33.45 
35. 08 
37. 16 
38.63 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T ime  
(ft2) No. (ft ) No. ( m s e c )  

5. 08 
5 .94  
6. 34 
7. 30 
7. 68 

10. 50 
13. 11 

60 3 0. 72 
1. 07 
1 . 3 5  
1 . 7 4  
2. 17 
2. 74 
3. 50 
3. 96 
6. 37 
8. 37 

11.39 
15. 11 
19. 19 
22.39 
27.91 
34 .55  
39.57 
46. 87 
56.44 

11 0. 09 
0. 20 
0 .43  
0. 61 
0. 87 
0. 98 
1. 36 
2. 20 
2. 88 
3.49 
3. 98 
4. 13 
4. 52 

Overpr  e s s u r  e 
(ps i )  

Impul s e 
(psi-rnsec)  

4.48 
2.47 
3. 23 
1. 98 
2. 84 
0. 98 
0. 00 
0. 48 
6. 79 
6. 98 
6. 63 
6 . 4 5  
6. 41 
5. 84 
5. 05 
4. 29 
3. 76 
3. 13 
2. 50 
1. 80 
1 .21  
0. 72 
0 .35  
0. 21  
0. 08 
0 . 0 0  
0. 05 
6. 81 
5. 65 
6. 04 
5. 61 
5. 73 
5. 38 
5. 25 
5. 00 
4.43 
4. 68 
4. 13 
3. 36 

39.83 
42 .85  
43.98 
46.49 
47.40 
52. 77 
54. 04 

0. 17 
1 .45  
3 .  40 
6. 05 
8. 86 

12. 50 
17. 16 
19 .65  
30.94 
38.99 
49.37 
59. 85 
68 .61  
73 .43  
78.76 
82. 30 
83.70 
84.76 
85. 12 

0 . 0 0  
0.  36 
1. 84 
2. 87 
4. 36 
5.01 
7 .11  

11 .60  
15.07 
17.94 
20.18 
20.84 
22. 29 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  from Event Gage T i m e  Overpressure  Impulse 

No. (ft 1 No. ( m s e c )  (ps i )  (psi-msec) 
- (ft2) 

80 

4 .73  
4. 90 
5. 05 
5.45 
5. 89 
6. 26 
6. 86 
7. 98 
8. 78 
9 . 9 2  

11 .01  
11.18 
12.70 
14.40 
16.96 

4 1 .10  
1 .59  
2.40 
3 .33  
4. 37 
5.01 
7. 24 
7.99 
8. 47 
8. 95 

10.11 
10.69 
14.05 
18. 38 
21.11 
23.16 

98 13 0.  62 
1. 24 
1. 67 
1 .79  
2. 50 
3. 29 
3. 71 

12 No data 

3. 48 
2. 92 
3. 15 
2.57 
2. 62 
2. 03 
2. 15 
2. 09 
1. 63 
1. 25 
0. 89 
0. 89 
0, 67 
0. 52 
0 .00  
5 . 7 5  
4. 18 
4 .11  
3. 72 
3.37 
2.79 
2. 59 
2. 19 
2. 15 
1. 88 
1. 76 
1. 52 
1. 29 
0.48 
0. 27 
0 . 0 0  

1. 87 
3.06 
2.94 
2.97 
2. 80 
2.74 
2. 57 

23. 01 
23. 58 
24. 03 
25.16 
26.31 
27. 16 
28.41 
30.78 
32. 26 
33.91 
35. 08 
35. 23 
36.41 
37.41 
38. 08 

3. 18 
5. 63 
8. 95 

12.61 
16. 29 
18. 27 
24. 27 
26.06 
27. 11 
28. 07 
30.18 
31. 14 
35.85 
39.70 
40.72 
40.99 

0. 59 
2. 10 
3.40 
3.74 
5. 81 
7. 99 
9 .10  
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Table A-2. (Continued) 

Contact Gage Distance 
Area  Tes t  f r o m  Event Gage T ime  

* (ft2) No. (ft ) No. (msec )  

4. 68 
5. 59 
5.86 
6. 57 
7. 19 
7. 51 
8. 17 
8. 75 
9.10 
9. 38 
9. 67 

12.37 
13. 53 
14 .05  
15.31 
18.98 
19.76 
21.22 
22.77 
24. 17 
26.33 

14 1. 80 
2. 04 
2. 28 
2.43 
2. 60 
2. 96 
3.21 
3.79 
4. 62 
5. 26 
6. 06 
6. 91 
7. 83 
8. 98 

10.02 
11.48 
12.37 
13. 20 

Overpressure  
(psi)  

Impul s e 
(ps i-ms  ec)  

2. 56 
2 .45  
2. 24 
1 .91  
1. 91 
1 .80  
1. 80 
1. 68 
1. 67 
1. 58 
1. 26 
1. 24 
1. 05 
0. 98 
0.74 
0. 68 
0.45 
0. 27 
0. 13 
0.02 
0 .00  
2. 39 
2. 18 
2. 20 
2.11 
2.20 
2.10 
2. 13 
2. 06 
2. 05 
1. 96 
1 .93  
1.81 
1. 66 
1 .59  
1.53 
1.49 
1.40 
1. 17 

11. 58 
13. 87 
14. 51 
15 .97  
17. 15 
17 .74  
18.94 
19 .94  
20.54 
21.00 
21.40 
24.77 
26. 10 
26.63 
27.70 
3.0. 32 
30.76 
31. 29 
31.60 
31.70 
31.72 

2. 16 
2. 69 
3. 22 
3. 56 
3. 91 
4. 69 
5. 22 
6.42 
8. 14 
9 .43  

10.98 
12. 58 
14. 16 
16.02 
17.65 
19 .85  
21. 14 
22.21 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  Overpressure  

56. 23 4 40 

60 

No. (ft ) No. (msec) 

14. 12 
15.03 
16. 51 
16.87 
17.88 
18. 37 
19. 01 

10 0.59 
0. 71 
1. 51 
1. 89 
3. 30 
3.76 
4 .39  
5. 06 
6. 15 
7. 20 
7.41 
9. 70 

11.44 
13.42 
15.77 
18.27 

3 1.00 
1. 64 
2. 40 
2. 78 
3. 61 
4.79 
6. 03 
7 .42  
9. 16 

11.67 
13.84 
16.07 
18.97 
21. 08 
24. 37 
27. 11 

- (ft2) 

2 No data 

Impul s e 
(ps i- msec)  

1. 15 
1. 23 
1. 15 
0. 87 
0. 87 
0.79 
0. 86 

15.86 
12.33 
11.40 

7.47 
6 . 9 9  
6.99 
6. 04 
4.73 
3.69 
4. 09 
2. 80 
2.10 
1.34 
0. 58 
0 . 0 0  
5. 12 
5. 05 
4. 96 
5. 15 
5. 05 
5.10 
4.86 
4.33 
3. 89 
3. 41 
3. 08 
2. 71 
2. 51 
2. 31 
2.21 
2. 04 

8. 36 

23. 29 
24. 37 
26. 14 
26. 51 
27. 39 
27.80 
28. 33 

4. 69 
6.42 

15.92 
19 .70  
30.81 
34.20 
38.59 
42.93 
48.83 
53. 24 
54.05 
61.94 
66.21 
69.62 
71.88 
72.60 

2. 57 
5. 84 
9. 63 

11.53 
15.80 
21.76 
27.92 
34.32 
41.49 
50.66 
57.70 
64.13 
71.70 
76. 80 
84. 23 
90. 04 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  Overpressure  

No. (ft 1 No. (msec) (psi) - (ft2) 

31.11 1.85 ' 

33.93 1.67 
37.82 1.53 
44.76 1 .35  
51.93 1. 26 
60.66 1.20 
62.89 1.23 
67.30 1.23 

Poss ib le  Zero  Shift 
11 0.57 

0. 73 
0. 98 
1.74 
1. 80 
2. 59 
3. 19 
3. 63 
4. 07 
4. 61 
5.20 
5, 89 
6. 15 
7. 60 
8. 24 
8 .96 
9. 81 

10.64 
10.90 
11.75 
11 .95  
12.39 
13.42 
14.72 
15.55 
17.34 
19.20 

7. 23 
5. 25 
5.68 
5. 20 
4.92 
4. 58 
3 .93  
4. 62 
3. 67 
3.53 
3. 19 
2. 91 
2.59 
2. 50 
2. 23 
1. 98 
1.73 
1.33 
1. 06 
0 .88  
1. 23 
0. 90 
0.57 
0 .43  
0. 19 
0. 14 
0 .00  

Impulse 
(psi-msec) 

97.82 
102.79 
109. 01 
118.99 
128. 33 
139. C 7  
141. 79 
147.21 

2. 07 
3.11 
4. 46 
8. 57 
8. 89 

12.65 
15. 20 
17. 08 
18.90 
20.83 
22.84 
24.93 
25.63 
29.33 
30.85 
32.37 
33.93 
35.20 
35. 52 
36.34 
36. 55 
37.02 
37.78 
38.43 
38.69 
38.98 
39.10 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f rorn Event Gage T i m e  

No. (ft 1 No. (msec) 

80 4 1.57 
1 .94  
3. 20 
4. 09 
4.97 
5. 23 
6, 10 
6. 39 
'7, 17 
7. 71 
9 .54  

11. 09 
12.64 
15. 28 
16. 23 
17 .75  
19 .79  
22. 29 
24. 39 
25.75 
27.99 
29. 85 
23. 51 
34.68 
35.46 
36.74 

12 0.46 
3. 51 
5. 92 
8. 76 

11.30 
18. 22 
22. 23 
25.35 
29.40 
33.11 
37.49 
44.04 
47.69 

P 

Ut2) 
Overpressure  

(ps i )  
Impul s e 

(ps i-msec)  

5. 07 
4. 50 
3.99 
3. 63 
3. 32 
3. 32 
2. 69 
2. 59 
2.40 
2. 36 
1. 91 
1. 69 
1 .40  
1. 23 
0. 87 
0 .54  
0 .47  
0 .47  
0 . 4 1  
0 .22  
0. 16 
0. 13 
0. 09 
0 .02  
0 .02  
0 .00  
2.47 
2.41 
2.43 
2.46 
2.48 
2.42 
2.43 
2 .22  
2. 08 
2. 03 
1. 98 
1. 98 
1. 96 

3.99 
5. 75 

11.10 
14. 53 
17. 56 
18.72 
21. 08 
21.75 
23.78 
25. 07 
28.96 
31.75 
34. 13 
37. 61 
38.61 
39.68 
40.72 
41.90 
42 .83  
43.26 
43. 69 
43 .95  
44. 24 
44.46 
44 .55  
44.62 

0. 58 
8. 02 

13.85 
20.81 
27. 07 
44. 03 
53.57 
60.69 
69.40 
77.02 
85.78 
98.78 

105.96 
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98 

Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e st f r o m  Event Gage T i m e  
(ft2) No. (ft 1 No. (msec) 

53.44 
59.87 
63.43 
70. 52 
74.40 

13  0 . 1 2  
0. 56 
0.74 
0. 96 
1 .72  
2. 51 
3 .45  
4 .21  
5. 04 
5. 82 
7 .53  
8. 89 

10.59 
13.05 
13.61 
14.77 
15. 58 
19. 53 
23.04 
24.32 
25. 29 
28.91 
33.37 
38.66 
54.92 
57.89 
59. 14 

14 0. 61 
0. 85  
1. 07 
2.00 
4. 20 
5. 60 
7. 17 

Overpr  e s sur e Impulse 
(ps i )  (ps i-msec)  

1 . 9 3  

1. 83 
1 .74  
1. 70 
4. 23 
2. 85 
2.68 
2. 82 
2 .74  
2. 67 
2 .54  
2 .41  
2.  27 
2.01 
1. 85 
1 .57  
1 .37  
1 .21  
0,  92 
0. 91 
0.70 
0. 70 
0. 65 
0. 56 
0.42 
0 .34  
0. 23 
0.49 
0. 06 
0 .00  
0. 00 
1 .20  
1.40 
1. 52 
1.59 
1 .59  
1. 61 
1. 61 

1 . 9 0  
117. 14 
129.45 
136. 08 
148.75 
155.44 

0. 26 
1. 81 
2. 31 
2. 93 
5. 04 
7. 17 
9. 61 

11. 50 
13.44 
15.12 
18.42 
20.75 
23.26 
26.44 
27. 04 
28.09 
28.75 
31.52 

34.69 
35. 17 
36. 54 
37.81 
38.78 
39. 52 
39.93 
39.94 

0.37 
0. 68 
0.99 
2.44 
5. 94 
8. 17 

10.70 

33.91 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  
(ft2) No. (ft 1 No. (msec )  

9. 18 
12 .63  
15 .74  
20.70 
22.80 
24.34 
25.40 
25.92 
26. 28 
26. 52 
26.74 
27. 10 
28.80 

36 .81  5 40 2 0. 60 
0.95 
1. 67 
2. 24 
2. 86 
3. 22 
3.57 
3. 81 
4. 17 
4.33 
4.94 
5. 10 
5.40 
5. 86 
6. 23 
7. 20 
8. 21 
8. 91 

10 0. 54 
0. 66 
0. 90 
1. 14 
1. 19 
1. 46 
2. 18 
2.95 

Overpressure  
(Psi)  

1 .59  
1 .59  
1. 61 
1. 61 
1 . 5 5  
1 . 4 8  
1. 36 
1. 23 
0.97 
0.62 
0 .35  
0. 09 
0 . 0 0  

10.69 
10. 13 
9 .20  
8. 38 
7 . 5 3  
7.41 
6. 68 
7. 19 
6. 88 
7.44 
4 . 7 5  
5.94 
6. 56 
5. 80 
5. 14 
4.97 
4. 81 
3.97 

13.38 
9. 85  
9. 85  
9 .43  
7. 38 
7 .77  
6.46 
6. 58 

Impul s e 
(psi-msec) 

13.92 
19.38 
24. 34 
32. 31 
35.62 
37.94 
39.46 
40. 12 
40. 52 
40 .71  
40.82 
40.90 
40 .98  

3. 26 
6. 83 

13.83 
18 .85  
23. 78 
26.48 
28.90 
30. 61 
33.09 
34.25 
37.97 
38.83 
40.68 
43. 56 
45.59 
50.46 
55.44 
58.49 

3. 62 
5. 06 
7.39 
9. 78 

10. 16 
12.21 
17.34 
22.33 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  
(ft2) No. (ft) No. (msec) 

3.95 
4 .10  
4. 29 
4.57 
4 . 7 5  
5.02 
5. 16 
5.49 
5. 71 
6. 79 
7. 86 
8.68 
9.33 

10.80 
11.96 
13.76 
15. 23 
16. 58 

11 0.20 
0. 70 
0. 86 
1. 24 
1. 87 
2. 08 
2.48 
3. 08 
3. 65 
4.11 
5. 12 
6. 15 
7.77 

10.33 
12.99 
15.97 
18.15 

3 No data 

Overpressure  Impulse 
(ps i )  (ps i- msec)  

~~ 

6. 19 
5. 09 
5. 51 
4 .66  
5. 15 
3. 32 
4. 09 
3. 67 
2. 84 
2. 68 
2.35 
2. 04 
1 . 2 5  
1. 31 
0, 91 
0. 64 
0. 18 
0.00 

60 
7.02 
4 .00  
4. 58 
4. 63 
4. 14 
4.29 
3. 90 
3 .35  
3.46 
2.81 
2.57 
2. 31 
1. 88 
1. 27 
0. 51 
0 .21  
0 . 0 0  

28.73 
29. 56 
30. 57 
32 .01  
32. 89 
34. 04 
34.54 
35.85 
36. 55 
39.54 
42. 23 
44.02 
45.10 
46 .98  
48. 27 
49.66 
50. 27 
50. 39 

0. 71 
3.47 
4. 15 
5.94 
8. 68 
9. 57 

11. 19 
13.39 
15.31 
16.77 
19.47 
21.99 
25.40 
29.35 
31.65 
32.73 
32.97 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage 
(ft2) No. (ft) No. 

80 4 

98 

1 2  

13 

T i m e  
(msec) 

Overpressure  
(psi) 

Impul s e 
(ps i-msec)  

0. 78 
1 .91  
3. 91 
6. 70 
7. 85 

10.13 
12.96 
16 .05  
16. 56 
19.73 
23. 21 
28. 18 
29. 18 

0.46 
1. 65 
2.97 
5. 40 
8 .46  

10.08 
12. 87 
15.14 
17.32 
21.49 
24. 28 
27. 10 

0. 30 
0.44 
0. 95 
2.01 
3.10 
3. 76 
4. 14 
5. 07 
5. 38 
5. 92 
6. 75 
7. 08 
7.33 
8, 62 

1. 91 
1 .94  
1. 91 
1 .95  
1. 83 
1 .44  
1. 17 
0 .95  
0. 79 
0. 55 
0.42 
0. 22 
0.22 
2 .45  
2.40 
2. 38 
2.40 
2.40 
2. 36 
2. 33 
2. 28 
2. 17 
2.10 
2.00 
1. 91 
3.47 
3. 03 
2. 37 
2. 36 
2.35 
2. 27 
2.10 
2. 07 
1 .95  
1. 89 
1 .77  
1. 70 
1. 63 
1.47 

0. 75 
2. 92 
6. 77 

12. 17 
14 .35  
18.06 
21.76 
25.02 
25.47 
27. 59 
29. 29 
30.87 
31.09 

0. 57 
3.44 
6. 62 

12.41 
19.76 
23.62 
30. 16 
35.37 
40.22 
49.11 
54.82 
60.33 

0. 52 
1.00 
2. 36 
4. 86 
7.45 
8. 97 
9.79 

11.74 
12 .35  
13. 39 
14.90 
15.46 
15. 88 
17.87 
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Table A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  Overpressure  Impulse 

No. (ft 1 No. (msec) 

9. 35 
10.86 
12. 50 
14. 53 
17.38 
22. 28 
26.53 
29. 53 
37.06 
41.96 
57. 27 
65.71 
79.74 
97.99 

111.23 
14 0. 41 

0. 98 
1. 55 
2.99 
5. 50 
0 .73  

15.07 
19.69 
23.22 
26.65 
28.28 
30.77 
34.22 
38.32 
43.96 
47.12 
53.85 
60.35 
64.26 
68.05 
72.23 
75.96 

- (ft2) 

1. 16 
1. 07 
0. 89 
0. 72 
0.59 
0.49 
0. 30 
0 .22  
0.12 
0 .11  
0 .11  
0. 09 
0. 09 
0. 05 
0. 00 
0. 28 
0. 50 
0. 59 
0. 66 
0. 66 
0.68 
0. 68 
0. 78 
0. 66 
0. 62 
0. 58 
0. 51 
0.42 
0. 32 
0. 24 
0.20 
0. 16 
0.12 
0. 09 
0. 06 
0. 03 
0 . 0 0  

(ps i-msec)  

18.84 
20.53 
22. 14 
23.78 
25.66 
28.32 
30. 01 
30.77 
32.06 
32. 65 
34.39 
35. 25 
36.49 
37.76 
38. 10 

0. 06 
0. 28 
0. 59 
1. 48 
3. 14 
6. 65 
9. 60 

12.75 
15.12 
17.31 
18. 28 
19.'63 
21. 25 
22.78 
24. 37 
25.07 
26. 28 
27. 19 
27. 58 
27.86 
28.04 
28. 09 
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Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  
(ft2) No. (ft) No. (msec) 

36.81 6 40 2 0.49 
0. 92 
1. 23 
1. 71 
2. 33 
2. 96 
3. 26 
4.02 
4.79 
5. 50 
6. 25 
6.99 
7. 84 

10 0 .45  
0. 50 
1. 27 
2. 32 
3.20 
3.96 
4.20 
4.81 
5. 28 
6. 10 
7. 51 
8. 23 

. 10.34 
12. 52 
16.08 
18.77 

3 0. 68 
0. 80 
1. 14 
1.47 
1. 8 2  
1. 89 
2. 55 
3. 14 
3.44 
3. 65 

Table A-2. (Continued) 

60 

Over pr e s s u r  e 
(ps i )  

Impul s e 
(ps i- msec)  

5. 82 
5 .77  
5. 91 
5. 99 
5. 51 
5. 17 
4. 81 
4 .94  
4. 17 
5. 31 
4. 14 
4, 81 
3. 69 

10 .05  
6.40 
6. 19 
4. 51 
4. 18 
3.96 
3. 23 
3. 23 
2. 26 
1. 65 
1 .74  
1. 28 
0. 88 
0.43 
0. 18 
0. 03 
5. 66 
2.73 
3. 78 
2. 92 
3. 25 
2.94 
2 .94  
2. 65 
2.43 
2. 69 

1 .43  
3.93 
5. 79 
8. 59 

12. 18 
15. 52 
17.05 
20.75 
24.26 
27.63 
31. 17 
34.48 
38.08 

2. 29 
2. 68 
7. 54 

13.16 
16.97 
20.06 
20.93 
22.90 
24. 20 
25.79 
28. 19 
29. 27 
31. 55 
32.98 
34.07 
34.35 

1.94 
2 .45  
3. 55 
4. 66 
5.73 
5 .95  
7. 91 
9. 56 

10.30 
10. 84 
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Table  A-2. (Continued) 

Contact Gage Distance 
A r e a  T e s t  f r o m  Event Gage T i m e  

No. (msec) 

3.95 
4. 23 
4.43 
6. 28 
7.20 

10.21 
10 .55  
10.71 
13.80 
17.84 
21.02 

11 0.11 
0. 63 
0. 90 
1.46 
2.10 
2. 74 
3.39 
3 .93  
4. 61 
5. 40 
6. 05 
6. 32 
7. 31 
9. 04 

12.21 
15. 28 
18. 56 

4 0.45 
0.89 
1 .41  
2. 05 
2. 56 
3. 09 
3.47 
4.01 
5.01 
6. 19 
7. 76 

P 

No. (ft) 
P 

(ft2) 

80 

Overpr  es s u r e  
(ps i )  

Impul s e 
(ps i- msec)  

1. 88 
2.42 
1. 96 
1. 67 
1. 50 
0.93 
1.47 
1. 04 
0. 61 
0. 24 
0. 00 
5. 50 
2. 57 
3. 22 
3. 17 
2. 90 
2. 78 
2. 60 
2. 00 
1. 96 
1 .75  
1 .39  
1. 50 
1. 19 
0. 76 
0. 32 
0. 14 
0 . 0 0  
3 . 7 4  
1.84 
1. 82 
1 .82  
1. 82 
1. 69 
1. 62 
1. 26 
1. 15 
1.00 
0.77 

11.53 
12. 13 
12. 56 
15.92 
17. 39 
21.04 
21.45 
21.65 
24.21 
25.94 
26.33 

0. 33 
2. 40 
3. 20 
4. 97 
6. 91 
8. 73 

10.47 
11.73 
13.07 
14. 54 
15. 56 
15 .95  
17. 28 
18 .96  
20.69 
21.39 
21.62 

0. 86 
2. 09 
3. 03 
4. 19 
5. 13 
6. 05 
6. 69 
7.46 
8. 67 
9 .93  

11.33 
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Table A-2. (Continued) 

Contact Gage Distance 
Area  Tes t  f r o m  Event Gage T ime  Overpressure  Impulse 

No. (ft 1 No. (msec )  (ps i )  (ps i- msec)  - 

98 

9.43 
10.10 
12.64 
14. 23 
15.01 

12 No data 
13 0.45 

1. 27 
2.00 
4. 57 
6. 82 
8. 49 
10.04 
11.47 
13.46 
15.40 
18.47 
20. 67 
22.95 
24. 57 
25.67 
27. 01 
32.00 
35.63 
38. 14 
41.88 
46.37 
52.07 
58. 13 
65.96 
72.89 

14 No gage 

0.59 
0.44 
0. 27 
0. 23 
0.00 

2. 46 
1.48 
1.46 
1.46 
1.46 
1.40 
1. 29 
1.12 
1. 17 
0.92 
0.77 
0. 72 
0. 67 
0. 60 
0. 53 
0.46 
0.43 
0.37 
0. 29 
0. 25 
0. 19 
0. 09 
0. 05 
0. 05 
0.00 

12.47 
12. 81 
13.70 
14. 10 
14.18 

0. 56 
2. 18 
3. 26 
7.01 
10. 29 
12.67 
14.76 
16.47 
18.75 
20.78 
23. 39 
25. 03 
26.61 
27.64 
28. 27 
28.93 
31.14 
32.60 
33.43 
34.45 
35.45 
36.26 
36.70 
37.10 
37. 27 



0954-0 l ( 0  l)FP 
Page A-30 

Table A3. LOX/RP-1 Tes t  Results .  

Contact Gage Distance Over - 
p r e s s u r e  Impulse 

No. (ft) No. (msec)  (psi)  ps i -msec  
Area  Tes t  f r o m  Event Gage T ime  

- (ft2) 

36.81 8 40 2 0 .75  
1. 48 
1. 85 
2.46 
2.95 

10 1.37 
1. 60 
2.37 
2. 83 
3.53 
4 .53  
5. 90  
6. 68 
8. 97 
9. 70 

13. 01 
15. 83 
17. 58 
18.48 
25.26 

3 0.57 
0.59 
0. 71 
1. 81  
2. 23 
2. 60 
2. 91  
3. 51 
3. 83 
4 .33  
4. 54 
4. 80 
5 .20  
5 .44  
5.73 
6. 18 
6. 58 

60 

10. 25 
10.29 
10. 72 
9. 89 
9. 03 

12. 64 
2.35 
3.93 
6. 29 
5. 28 
2. 87 
2. 58 
0. 72 
0. 59 
0 .39  
0.39 
0 .39  
0. 39 
0. 07 
0. 00 
8. 72 
5. 10 
5. 53 
4. 26 
5. 50 
4. 24 
4. 02 
3. 05 
3 .93  
2. 81 
3.41 
2. 68 
3.00 
2. 16 
2 .45  
2. 08 
3. 18 

6. 10 
15.89 
19. 76 
26.05 
30.62 

8. 68 
10.41 
12. 84 
15. 20 
19.20 
23. 29 
27.03 
28.30 
29.81 
30. 17 
31.46 
32. 55 
33. 23 
33.44 
33.69 

2. 52 
2. 65 
3. 27 
8. 64 

10. 71 
12.54 
13. 81 
15.92 
17. 03 
18.72 
19. 38 
20. 17 
21.32 
21.91 
22. 60 
23. 63 
24.66 
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Table A 3 .  (Continued). 

Contact Gage Distance 
Area  Test  f r o m  Event Gage T ime  
(ft) No. (ft) No. (msec)  

7. 03 
8 .43  

10.93 
13. 77 
14. 27 
14. 53 
14. 90 
16. 28 
16. 70 
19.87 

11 0. 18 
0. 71 
1. 42 
2. 18 
2. 54 
2. 79 
3 .34  
3.54 
3. 78 
4. 26 
4. 60 
4. 86 
5. 48 
5. 86 
6.06 
6. 50 
6. 85 
7. 28 
7.95 
8. 27 
9. 52 

10.73 
11. 09 
12.59 
14. 54 
15.34 
16.37 
17. 08 
19. 19 

Ove I- - 
p r e s s u r e  

(ps i )  
Impulse 
ps i -msec  

2.22 
1. 67 
1 .01  
0 .45  
1. 51 
0. 40 
0. 63 
0. 51 
0. 15 
0 . 0 0  
8. 76 
4. 60 
3. 40 
2.47 
1. 71 
4. 90 
3 .00  
4. 70 
3 .57  
3 .45  
2. 88 
2. 90 
2. 19 
1. 57 
3. 52 
0. 78 
1. 76 
1. 96 
1. 48 
1. 66 
1. 10 
1. 00 
0.57 
0.46 
0 .37  
0. 65 
0.57 
0.22 
0 . 0 0  

25.88 
28. 60 
31.96 
34. 03 
34 .51  
34.76 
34.95 
35 .74  
35.88 
36.06 

0. 81  
4. 37 
7 .20  
9 .44  

10. 19 
11 .01  
13. 19 
13. 97 
14. 96 
16. 63 
17. 71 
18.45 
20.02 
20.74 
21.25 
22.32 
22.67 
23.48 
24. 63 
25. 14 
26.86 
28. 13 
28.41 
29.20 
30.01. 
30.42 
31.04 
31.33 
31.56 
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Table A3. (Continued). 

ontact Gage Distance 
Area Tes t  f r o m  Event Gage Time 
(f t )  No. ( f t )  No. (msec)  

80 4 0. 55 
1. 24 
1. 94 
2. 17 
2.35 
2. 66 
3 .42  
4. 08 
4. 76 
5. 50 
6.42 
6. 84 
7. 03 
7. 61 
8. 81 

10. 13 
12. 27 
14.36 
17. 12 
19.47 
23.57 
24.32 

12 0. 19 
0 .45  
0. 70 
1. 06 
1. 81 
2. 86 
3 .94  
4. 23 
5. 05 
5. 80 
6. 10 
6. 34 
6. 68 
7.42 
7. 86 
8. 35 
8. 39 
8. 42 
9. 06 

Over - 
p r e s s u r e  

(Ps i )  
Impulse 
ps i -msec  

5 .36  
3 .47  
3 .34  
3. 07 
3.11 
2.77 
2. 78 
2. 78 
2. 41 
2. 05 
1 .95  
1. 78 
1. 84 
1. 50 
1 .42  
1. 26 
0. 81 
0. 56 
0.53 
0.34 
0 .02  
0 . 0 0  
4. 142 
2.32 
2. 40 
2. 82 
2. 71 
2. 63 
2 .53  
2. 46 
1. 88 
1. 88 
1.73 
1. 77 
1.49 
1.47 
0. 90 
1.25 
1. 81 
1.27 
0. 70 

1. 48 
4. 56 
6.93 
7. 66 
8. 22 
9. 15 

11.24 
13. 09 
14.84 
16. 50 
18.33 
19. 10 
19.46 
20.42 
22. 18 
23.94 
26. 17 
27. 59 
29.10 
30.  13 
30.86 
30.87 

0.41 
1.25 
1. 84 
2.77 
4. 85 
7. 65 

10.45 
11. 16 
12.95 
14. 34 
14.88 
15.32 
15.86 
16.95 
17.47 
18.00 
18.07 
18. 12 
18. 74 
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Table A3. (Continued). 

:ontact Gage Distance 
A r ea  Tes t  f r o m  Event Gage Time 
(ft) No. (ft) No. (msec)  

10. 58 
11.86 
13. 21 
14.72 
18.56 
22.09 
23. 55 

98 13 0. 90 
1. 37 
2. 16 
2. 67 
2. 87 
3. 32 
3.69 
4. 64 
6. 08 
6. 65 
7.49 
8. 29 
9.67 

10.74 
11.51 
13.36 
13. 85 
17.40 
17.69 
19.72 
20.66 

2 0. 61 
0.72 
1. 00 
1.20 
1.42 
1. 67 
1.96 
2.43 
3.22 
3. 67 
4.20 
4. 84 
4.94 
5.36 
5. 90 

36.81 10 40 

Over-  
p r e s s u r e  

(psi)  
Impulse 
psi  -msec  

0.75 
0. 65 
0. 50 
0.41 
0.41 
0. 13 
0 . 0 0  
2. 61 
1. 96 
1. 90 
2. 18 
2.22 
1.97 
1.79 
1.39 
1.31 
1. 12 
1. 11 
0 .92  
0.59 
0. 50 
0. 32 
0. 28 
0. 38 
0.32 
0.21 
0. 08 
0 .00  

16.63 
11.22 
14.20 
12.34 
12. 05 
10.53 
11.94 
9. 85 
9 .48  
8 .49  
7.73 
6. 53 
7. 13 
7. 13 
5. 82 

19. 84 
20.73 
21.50 
22. 19 
23. 74 
24.68 
24.77 

1. 18 
2.26 
3. 78 
4. 81  
5. 25 
6. 20 
6. 90 
8. 42 

10.37 
11.06 
11.99 
12. 81 
13. 85 
14.44 
14. 75 
15.31 
15.47 
16.72 
16.79 
17.09 
17. 13 
5.11 
6. 59 

10.25 
12.80 
15.50 
18.32 
21.56 
26.69 
34.41 
38.38 
42.66 
47.25 
47.91 
50.92 
54.41 
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Table  A3. (Continued) 

ontact Gage Distance 
Area Tes t  f r o m  Event Gage Time 
(ft)  No. ( f t )  No. (msec) 

10 0.72 
0. 81 
1.39 
1. 66 
2.35 
2. 61 
3. 07 
3 . 2 1  
3.53 
3. 83 
4. 24 
4. 81 
5. 50 
5. 50 
6. 69 
7 . 0 1  
7.33 
8.43 
9.42 

11.53 
12. 80 
13. 84 

3 0.39 
0.73 
1. 83 
2. 26 
2. 62 
3. 18 
3 .65  
4. 45 
5. 96 
6. 79 
8. 12 
8. 91  
9. 74 

10. 70 
11. 80 
12. 63 

60 

Over - 
p r e s  s u r e  

(Psi) 
Impul s e 
ps i  -ms ec  

19.46 
6 .42  
5 .34  
6. 22 
4 .36  
4. 87 
3 . 9 8  
4. 87 
3 .73  
5 .26  
3. 03 
2.34 
1.97 
0. 80 
1. 80 
1. 89 
1. 02 
0.90 
0.45 
0 .45  
0.33 
0 . 0 0  
1. 95  
0 .00  
0.00 
0. 12 
0 . 0 0  
1. 70 
0.00 
5. 84 
5. 29 
4. 81 
3. 07 
4. 40 
2. 50 
2. 28 
2. 62 
2.00 

7. 04 
8. 21 

11.60 
13. 17 
16.82 
18.02 
20.07 
20.67 
22.09 
23.41 
25.09 
26.64 
28. 13 
28. 13 
29.67 
30.25 
30. 73 
31.79 
32 .46  
33.41 
33.90 
34.07 

0.39 
0.72 
0.40 
0.47 
0.57 
0. 63 
0. 85 
4. 62 

13.44 
17. 71 
23.46 
26.32 
28.95 
31. 28 
33.47 
34.76 
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Table A3. (Continued). 

; onta c t  Gage Distance 
A rea Tes t  f r o m  Event Gage Time 
(ft) No. ( f t )  No. (msec)  

14. 75 
16. 18 
16.98 
18. 83 
20.46 

11 0.32 
0.47 
0.55 
0.77 
1. 05 
1.20 
2.06 
2.49 
3. 38 
3. 66 
4. 05 
4. 32 
4.94 
5. 24 
5.55 
5. 66 
6. 08 
6. 82 
7. 89 
9.22 

10.46 
11. 70 
13.40 
14.29 
15.63 
17. 12 

4 0. 36 
0. 68 
0. 86 
1.44 
1. 57 
1. 82 
2. 61 
3.33 

80 

Over - 
p r e s  s u r  e 

(psi)  
Impulse 
ps i - msec  

0.93 
0. 58 
1. 09 
0.28 
0 .00  
1. 54 
0 .29  
8. 51 
5.77 
4.99 
5.45 
5 .21  
4. 66 
4. 15 
4. 05  
3. 78 
4,  13 
3 .62  
2.99 
3. 09 
2. 05 
2. 15 
1. 87 
2 .00  
1 .35 
0 .  98 
0.59 
0 .54  
0.32 
0. 26 
0 . 0 0  
1. 64 
0. 62 
0.34 
0 . 0 0  
0 .27  
0. 17 
0. 09 
0. 30 

37.61 
38.72 
39.34 
40. 50 
41. 12 

0. 25 
0.39 
0.73 
2. 32 
3. 84 
4. 60 
9. 18 

11.29 
15.25 
16.37 
17. 89 
18.97 
21.39 
22.36 
23.31 
23.59 
24.46 
25.95 
28. 03 
30.26 
31. 70 
32.68 
33. 64 
34 .02  
34.41 
34.61 

0.30 
0. 48 
0. 40 
0. 07 
0.09 
0. 09 
0 .01 
0 .01 
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Table A3. (Continued). 

mtac t  
l r e a  
[ft) 

Gage Distance 
Tes t  F r o m  Event Gage Time 
No. (f t)  No, (msec )  

4. 03 
4 .97  
5. 42 
6. 06 
6. 34 
6. 88 
7.00 
8. 52 
8. 98 
9. 62 
9.97 

11.02 
11. 61 
11.95 
12.31 
13. 03 
13. 19 
14. 70 
15. 00 
15. 54 
15. 69 
16. 80 
17. 03 
19.49 
20.00 
22.01 
22.45 
23.32 
25. 16 

12 0.35 
1.43 
3. 23 
5. 29 
7. 42 
8. 67 
9 .33  

12. 62 
15.92 
20.72 
27. 17 
27.57 
27.72 

Over-  
p r e s  s u r  e 

(psi)  
Impulse 
ps i  -msec  

0 . 0 0  
0 .97 
0.46 
1. 27 
0. 68 
0. 29 
0 . 0 0  
6. 90 
3 .36  
3. 68 
3 .97  
3 .33  
3. 19 
3.21 
1.99 
2 .21  
2. 54 
2. 07 
1. 69 
1. 07 
1. 54 
0. 92 
1 .21 
0.74 
0. 50 
0 .41  
0. 13 
0. 19 
0 . 0 0  
4.20 
4. 25 
4. 25 
4. 25 
4. 17 
4. 17 
1. 07 
1. 07 
1. 07 
1. 07 
0.92 
0. 72 
0 . 0 0  

0. 12 
0. 04 
0. 15 
0.29 
0 . 2 1  
0. 03 
0. 05 
0. 19 
2. 52 
5.22 
6. 54 

10.46 
12.39 
13.41 
14.36 
16.05 
16.42 
19. 88 
20.45 
21.38 
21.58 
23.08 
23.32 
25.66 
25.97 
26. 64 
26.77 
27. 18 
27.36 

0.74 
5.32 

12.96 
21.71 
30. 69 
35.91 
37.64 
41. 17 
44.71 
49. P-  
56.30 
56.62 
56.67 
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Table A3. (Continued). 

Zonta ct Gage Distance 
A r e a  Tes t  f r o m  Event Gage T ime  
(ft) No. (ft) No. (msec)  

98 13 0.40 
1. 10 
1.59 
4 .01  
4. 28 
6. 76 
6. 95 
7. 78 
8. 13 
8. 63 
9. 81 

13. 78 
14. 25 
14. 61 
14. 78 
15. 54 
16.23 
17. 01 
17.24 
18.43 
18.91 
19.95 
20.49 
21.52 
21.99 
23.26 
24.38 
26.02 
28. 15 
30.45 
33.83 
35.75 
36.66 
40.07 
41 .91  
45 .95  
49.75 

Over - 
pre s  s u r e  

(Psi) 
Impulse 

ps i -msec  

1 .35  
0.00 
0. 30 
0. 23 
0.12 
0. 12 
0 . 0 0  
0 . 0 0  
0. 30 
0.28 
0 . 0 0  
0 . 0 0  
4. 72 
4.20 
3.49 
3 .35  
2. 89 
2 .95  
2. 79 
2. 6 1  
2. 38 
2.35 
1. 92 
1. 92 
1. 64 
1.43 
1. 11 
0. 80 
0. 67 
0.55 
0. 52 
0.47 
0.34 
0. 16 
0.02 
0. 02 
0 . 0 0  

0. 28 
0.75 
0. 67 
0.03 
0.02 
0. 32 
0.33 
0.33 
0. 28 
0. 13 
0. 03 
0.03 
1. 16 
2.77 
3 .40  
5. 98 
8. 14 

10.40 
11.05 
14. 28 
15.47 
17.93 
19.07 
21.07 
21.90 
23. 85 
25. 27 
26.82 
28.38 
29.79 
31. 59 
32.57 
32.94 
3 3 .  78 
33.95 
34.04 
34.09 
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